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 Recent advances in materials, mechanics design and microfabrication technologies are 
beginning to establish the foundations for electronics of thin layouts that conformally interface 
with the human organs including the brain, the heart and epidermis. Certain of the thin materials 
including silicon and various metal oxide membranes have been found to completely degrade in 
water, which have substantiated the concept of bioresorbable electronics systems. The current 
study presents four independent topics of research on materials and device architecture related to 
this unconventional format of electronics. The first work introduces chemical sensing systems on 
thin elastomeric substrates with open cellular designs to prevent artificial accumulation or 
depletion of chemicals of interest. The materials, designs and integration strategies provide a 
framework for chemical sensors capable of monitoring biomarkers in extracellular fluid, with 
soft physical form factors to facilitate bio-integration. The next chapters investigate chemical 
stabilities of thin nanomembranes of silicon and thermally grown silicon dioxide in biofluids for 
their provisioned importance as a thin film water barrier in implantable flexible electronics. The 
different materials dissolution rates in silicon and its oxide provide materials design options in 
device construction depending on the device target lifetimes. The last chapter describes a 
conductive ink formulation that exploits electrochemical sintering of Zn microparticles in 
aqueous solutions at room temperature, with relevance to emerging classes of biologically and 
environmentally degradable electronic devices.  The resulting electrochemistry establishes the 
basis for a remarkably simple procedure for printing highly conductive features of degradable 
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Chapter 1. Chemical Sensing Systems That Utilize Soft Electronics on Thin 
Elastomeric Substrates with Open Cellular Designs 
 
 
1.1 Introduction to Soft and Stretchable Electronics 
 
Soft electronics fabricated on lightweight, bendable substrates has great potential for 
applications that requires intimate integration with soft biological tissues.
1,2
 Examples range 
from wearable communication devices to bioimplantable surgical and diagnostic implements to 
provide advanced therapeutic capabilities.
3-8
 Historically, research in soft electronics has focused 
mainly on the development of conducting and semiconducting organic materials that are 
themselves considered to be bendable.
2
 A completely different approach to soft electronics 
emerges from new structural configurations of well-established inorganic electronic materials.
1
 
In the latter approach, desired mechanical properties are realized through ultrathin formats of the 
inorganic materials by virtue of linearly decreasing bending strains with thickness.
9,10
 100nm 
silicon nanoribbons, for example, experience maximum strains of 0.0005% upon bending to radii 
of curvature of 1cm.
1
 This systems has achieved performance and reliability comparable to those 
of wafer-scale electronics, far surpassing anything known with organic active materials. 
Stretchable electronics represents a more challenging, unconventional class of system for 
applications where circuits must be conformally mounted on dynamic objects with complex 
curvilinear shapes where integration is impossible using simple flexible devices. To offer 
stretchability to the soft electronics, ‘wavy’ or buckled geometries have been devised through the 
bonding of ultrathin, bendable material to the pre-strained PDMS.
10,11 
These advances in flexible and stretchable electronics establish the foundations for 
advanced physiological recording systems for continuous collection of healthcare related data 






include measurement of physical characteristics such as biopotential, temperature, motion, 
stiffness, electrical impedance. Among those applications, biopotential monitoring of neurons 
and cardiac myocytes are of particular interest due to the critical roles of the brain and the heart 
in human health, and the complexity of cells’ coordinated activity.
12,13
 Owing to the electrical 
nature of the cell activity, various types of electrodes to monitor the cell signals have been 
developed to decipher the organs’ functional mechanism and to meet the envisioned clinical 
needs such as diagnosis of neurological disorders such as epilepsy, depression, chronic pain. The 
sensing capabilities are critically important during and in preparation for respective neurosurgery, 
for assisting in neurodevice placement, and for guiding surgical procedures on complex, 
interconnected peripheral nerves. More recently, biochemical sensors in wearable formats has 
also shown their abilities in monitoring hormonal, nutritional state of the human body by 
analyzing constituents in saliva, tears or sweat.
14
 These chemical sensors provide complementary 
information, often with high clinical value since the cell activity is governed by the ionic or 
molecular flow across the cell membranes.  
 
1.2 Research Objectives 
 
Although capabilities in conformal and robust contact are well established through prior 
studies, materials and designs that minimize or eliminate disruptions to natural diffusive or 
convective flow of fluids through the device are less well explored.
15,16
  These types of device-
induced fluid perturbations can represent critical disadvantages in sensing of chemical 
biomarkers such as glucose and ions since stagnation of fluid can cause artificial accumulation or 
depletion of chemicals of interest.  This study presents materials, designs and integration 




defined geometries.  By comparison to previously reported wearable ion sensors,
18,28
 our systems 
are different in their use of multiplexed arrays of sensors for spatial mapping of ion 
concentration and elastomeric cellular substrates for improved mechanics and permeability.  
Specifically, the configuration involves sensing arrays surrounded by porous areas that facilitate 
diffusive, convective and actively forced flows of biofluids.  This heterogeneous design layout 
provides key advantages over conventional alternatives in both its stretchable mechanics and in 
the unconstrained hydrodynamics of the surrounding biofluids. Systematic studies of the 
mechanical properties show improved elastic responses and reduced moduli, both of which 
substantially reduce mechanical loads on the targeted biological surfaces. A biofluid permeable 
interface enables accurate spatiotemporal mapping of ion concentrations.  Because the 
composition of extracellular fluid such as sweat and interstitial fluid contains valuable 
information related to biological processes,
18,19,28
 this combination of chemical sensing 
capabilities with stretchable cellular substrates offers potential for use across a diverse set of 
skin- and other organ-integrated electronics systems. 
 
1.3 Results and Discussion 
 
Thin, stretchable array of ion selective sensors on a cellular substrate  
Figure 1.1a presents a schematic diagram of an array of chemical sensors on an 
elastomeric cellular substrate.  Each device incorporates an ion selective membrane based on 
poly(vinylchloride) (PVC, grey in Figure 1.1a) coated on a layer of electrodeposited poly(3,4-
ethylenedioxythiophene)/polystyrene sulfonate (PEDOT/PSS) conducting polymer (black).
20
  




bind to targeted ions.
21
 This binding leads to an electrical potential across the membrane/solution 
interface, thus serving as a potentiostatic sensing interface for ions present in the surrounding 
fluild.  Interconnecting wires (Au, light yellow) adopt a lithographically defined serpentine 
design to allow biaxial stretchability, and connect to bonding pads that support wiring to an 
external potentiostat. Figure 1.1b shows a representative thin, flexible ion sensor mounted on a 
stretchable cellular substrate of polydimethylsiloxane (PDMS), dyed black to enhance visibility. 
The sequence of fabrication steps is summarized in Figure 1.1c-d.  As described in the 
Experimental Section, the array of ion sensors consists of eight 0.5 mm2 electrodes with total 
thicknesses of ~50 μm (5 nm Cr / 200 nm Au / 150 nm PEDOT / 50 μm PVC-based membrane).  
Fabrication began with photolithographic patterning of metals deposited by electron beam 
evaporation on a polyimide (PI) film.  An additional layer of PI served to encapsulate the Au 
metal layers except for locations of openings that define the sensing interface.  Immersing the 
sample into acetone removed a sacrificial layer of polymethylmethacrylate (PMMA, 1 μm) 
beneath the PI film, to allow retrieval of the sensor electrode arrays onto a water soluble tape.  
Electron beam evaporation formed a thin film of SiO2 (50 nm) to allow siloxane bonding 
between the sensor arrays and the PDMS substrate. 
In a separate set of steps, fabrication of the cellular substrate started with spin coating of 
a PDMS polymer on a mold formed by photolihtographic patterning of a thick (300 μm) layer of 
a photocurable epoxy material (SU-8).  Thermally curing the PDMS and delaminating it from the 
mold formed a cellular substrate in the inverse geometry of the mold. Exposing the surface of the 
PDMS substrate to ultraviolet/ozone (UVO) formed exposed hydroxyl groups to faciliate 




mechanical adhesion based on this chemistry.  Dissolving the water soluble tape completed the 
fabrication.   
The steps for preparing the ion selective electrodes is decribed in Figure 1.1d.  The 
scanning electron microscope (SEM) image in Figure 1.1d shows a magnified view of a single 
Au electrode before electrodeposition of PEDOT/PSS to form a conductive polymer layer.
20
  
This process involved 15 cycles of cyclic voltammetry (CV, from -0.2 V to 1 V) to yield smooth, 
crack free and well-adhered films.  The black center area in the inset of Figure 1.1d corresponds 
to the PEDOT/PSS.  Drop casting PVC dissolved in tetrahydrofuran (THF) yielded ion selective 
membranes on top of the conductive polymer. Surface tension and the viscosity of the membrane 
cocktail prevented spreading beyond the areas defined by the PI encapsulation layer.  Figure 1.1e 
and f provide a vertical structure of the ion selective electrode with membrane coating and a 
detailed structure of serpentine interconnect suspended above an opening in the cellular substrate. 
Figure 1.1g demonstrates the essential permeability of water across the cellular substrate 
in a setup that involves a sensor fixed on agarose gel and immersed in a water bath.  A thin tube 
embedded in the agarose allowed controlled introduction of water dyed blue for ease of 
visualization.  The picture shows diffusion of this infused water through the pores in the 
substrate.  Finite element analysis (FEA, FLUENT commercial software, ANSIS) captures the 
diffusion of ion-containing water (with injection velocity of 10 mm/s and concentration of 1 M) 
injected into a closed chamber filled with free water for 1 s, for cases with and without the 




/s, the value for K
+
 in free water.
22
  The 
simulated time sequence of ion diffusion with the cellular substrate (Figure 1.1h) indicates 





Mechanics of cellular substrates 
Figure 1.2 highlights the stretchable mechanics associated with the cellular design. The 
porosity of the substrate can be expressed as  , where d and  represent the 
spacing of the cells and the thickness of cellular wall, respectively.  As in Figure 1.2a, the stress-
strain curves obtained by FEA (ABAQUS commercial software, ABAQUS Inc.) for the cellular 
substrate (PDMS with modulus of 0.5 MPa and Poisson's ratio of 0.5) at different porosities (
=0, 20%, 40%, 60% and 80%) agree well with the experiments, without any parameter fitting.  
The effective modulus decreases monotonically as the porosity increases.  The stress-strain curve 
displays an ‘J shape’ at high porosity  =80% (Figure 1.2a for a magnified view) and  =95%, 
but not at low and medium porosities ( , Figures S3a and b).  In addition, the Poisson’s 
ratio ( , where  is the lateral strain under stretching) increases quickly with   at 
high porosity, but becomes insensitive to   at low porosity (Figure 1.2b).  These different 
behaviors at high and low porosities result from the effect of bending, as illustrated by the 
morphology of cellular substrates obtained from FEA and by optical images under 60% 
stretching, shown in Figures 2c and d for 40% and 80% porosities, respectively.  At low porosity 
( =40%, Figure 1.2c), the bending stiffness (~ ) of the inclined cellular walls is sufficiently 
large to resist rotation around the joint.  At high porosity ( =80%, Figure 1.2d), the inclined 
cellular walls rotate to orientations that are almost parallel to the horizontal direction, which 
leads to significant dimensional reduction in the lateral direction, and therefore different 
behaviors in the Poisson's ratio and shapes of the stress-strain curve. 
Figures 2e-h show FEA results (Figures 2e and f) and optical images (Figures 2g and h) 
of the ion sensor (50μm PVC / 1.5μm PI / 200nm Au / 1.5μm PI, with the elastic modulus 1 GPa 
 
2











and Poisson’s ratio 0.34 for PVC, 2.5GPa and 0.34 for PI, and 80GPa and 0.44 for Au, 
respectively) mounted on 300 μm-thick cellular and solid substrates (PDMS with the elastic 
modulus 0.5MPa and Poisson's ratio 0.5), respectively, under 30% stretching.  For both cases, 
the morphologies of the stretched device / serpentine / substrate obtained by FEA agree well with 
experiment.  For the cellular substrate under 30% stretching (Fiugre 2e), the maximum strain in 
the Au is ~1%, which is below the fracture strain, 10%.
23
  For the solid substrate under the same 
30% stretching (Figure 1.2f), the maximum strain in Au is 12%, which exceeds the fracture 
strain.  For 0.3% yield strain for Au, the elastic stretchability of the entire system is ~12% for the 
cellular substrate, but only ~2% for the solid substrate.  The pores in the cellular substrate do not 
constrain buckling of the serpentine, which leads to reduced strain in Au and therefore larger 
stretchability than that of the solid substrate.  A modified serpentine design with a longer arm 
segment, which gives a much higher elastic stretchability ~28% than ~12%.  Figures 2i gives the 
stress-strain curves of the cellular case with and without the ion sensor, where FEA once again 
agrees well with experiments.  The effective moduli are ~100 kPa and ~50 kPa for the cellular 
substrate with and without the ion sensor, respectively, which are smaller than the skin modulus 
(≈130 kPa), suggesting that the system will impose minimal mechanical constraints on the skin.   
 
Selective ion sensing and spatiotemporal mapping 
Figure 1.3 summarizes the analytical performance of ion selective electrodes in this type 
of construct. The tests involved immersion of sensor arrays in 100 ml of 0.1M phosphate 
buffered saline (PBS) (pH 7.4, 137mM NaCl, 2.7mM KCl, Na2HPO4 10mM, KH2PO4 1.8mM) 
as a base solution. The addition of 1M KCl, 0.1M CaCl2, 1N HCl solutions by micropipette 










respectively. Figure 1.3a depicts a representative open circuit voltage (OCV) response of a 
sensor of K
+
 ions. The numbers in the graph indicate changes in the molarity of K
+
 ions from the 
0.1M PBS solutions as the ions are introduced.  The voltage response of the electrode results 
from the selective binding of ions to the ionophores embedded in the PVC membrane.  Binding 
of positively charged ions results in potential differences across the membrane and the test 
solution interface.
21
  The open circuit voltage (OCV) of the electrodes follows this change in the 
membrane potential, and increases together with the target ion concentrations in the test solution.  
The response time is largely independent of the magnitudes of changes in concentration, over a 
relevant range, with good reversibility without hysteresis.  Figure 1.3b and c show the results of 











were chosen for their importance in biological systems.
24–27





 results from changes in the PVC membrane, from the K
+
-binding 
ionophore (Valinomycin (Potanssium ionophore I, Fluka) to tridecylamine (Hydrogen ionophore 




 sensors, respectively.  




 sensors as ions are injected into 
the test solution.  The comparatively large fluctuations observed in the case of the H
+
 sensor 
follow from the relatively low equilibrated H
+
 concentrations in the pH buffered solution.  
Phosphates were removed from the test solution for Ca
2+
 ion sensors to avoid precipitation of 
Ca-phosphates.  We performed statistical studies on 24 electrodes from 3 sensors.  The data in 
Figure 1.3 are representative.  The fabrication yield was >90%.  The measured values of OCV at 
different ion concentrations yield calibration curves, as presented in the insets of Figure 1.3a, b, 
and c. The results show a linear dependence of OCV on ion concentration with slopes of 42.2, 






, respectively.  The small slope for the Ca
2+




expected from the Nernst equation due to its divalent charge.
21
 The error ranges of the reported 
changes in the open circuit voltages are                    for K+ sensor,         
          for H+ sensor,                    for Ca2+ depending on the measuring 
ion concentrations. Error bars appear on the calibration curves in the insets of Figure 1.3a-c.  R 






, respectively.  The calibration 
range covers that for ion concentrations in extracellular fluids in most biological systems. The 










 in saline solutions, 
respectively. 
  Figure 1.3d shows reversibility of the OCV response when the K
+
 selective electrode is 
immersed in 3mM and 13mM K
+
 PBS solutions interchangeably. The behavior indicates little or 
no hysterisis, as expected since the change in potential follows from a reversible chemical 
equilibrium associated with ion binding to the ionophore.
21
  Figure 1.3e and 3h shows that the 




 to the K
+
 selective 
electrode.  The graph indicates that the sensors function at levels comparable to those of 
previously reported sensors on non-stretchable supports in terms of sensitivity, selectivity and 
reversibility in the biologically relevant range of ion concentrations.
25,26,28
   The sensors show 
stable operation for up to two days of continuous immersed in aqueous solutions.  Failure modes 
include leaching of ionophores into the surrounding solution and delamination of certain layers 
in the sensors.  Further optimization of the materials and device designs have the potential to 
increase the lifetimes. 
Figure 1.3g and h highlight capabilities in spatiotemporal mapping that follow from use 
of these sensors on cellular substrates.  Figure 1.3g shows the experimental apparatus used to 




minimize changes in ion concentration levels in a base test solution, with the sensors fixed under 
a cover of PDMS (1 cm thick).  Injection of 0.1M KCl solution occurred at the open regions of 
the cellular subsrate (Figure 1.3g, I) or at the electrode areas (Figure 1.3g, II), through holes (~1 
mm
2
) in the PDMS.  Figure 1.3h summarizes key results upon a series of injections of K
+
.  The 
red line shows responses from sensors mounted on the non-porous, planar substrate.  The 
accumulated increase in OCV corresponds to an associated accumulation of K
+
 between the 
sensor and the top PDMS.  The relative changes in open circuit potentials upon consecutive ion 
injection follow log scale ratios of the accumulated ion concentrations, consistent with the Nernst 
equation.  However, the sensors on the cellular substrate exhibit a significantly different response 
due to changes in solution diffusion across the substrate.  The green line shows the change in 
OCV upon injection of K
+
 to an open, porous area of the cellular substrate (Figure 1.3g, I).  The 
constant OCV baseline indicates that K
+
 diffuses to the bulk water while minimally affecting on 
the OCV of the sensor adjacent to the pore.  The blue line shows the case of addition of K
+
 
directly onto a sensor (Figure 1.3g, II).  Here, an immediate rise in OCV corresponds to an 
increased in local K
+
 concentration at the sensor. The initial oscillatory response results from 
artifacts associated with injection-induced fluid flow.  A subsequent increase of the potential is 
followed by a gradual decrease as ions diffuse into the surroundings without accumulation.  The 
results demonstrate key advantages of the open cellular substrates in spatiotemporal mapping of 
a localized ion concentration over the planar alternative by enabling solution flow and diffusion. 
 
1.4 Materials and Methods 
 
Fabrication of the electrode Polymethylmethacrylate (PMMA, MicroChem, USA) coated on a 




Spin casting and thermally curing (2 hours at 250 °C in a vacuum oven) a film of polyimide (PI; 
2 μm in thickness, HD Microsystems, USA) yielded an overcoat on the PMMA.  
Photolithographic patterning of bi-layers of Cr (5 nm) / Au (200 nm) deposited by electron beam 
evaporation (AJA International, USA) defined the conductive elements of the sensor.  A second 
film of PI served as a top encapsulation layer.  Reactive ion etching (RIE, 200 mTorr, 20 sccm 
O2, 150 W for 10 min) defined open areas in the PI to define the sensing interface.  Immersion in 
acetone for 1 hour allowed retrieval of the sensor onto a water soluble tape.  Bilayers of Ti (5nm) 
/ SiO2 (50nm) deposited onto the backside facilitated bonding to a UV-treated substrate of 
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, USA).  Dissolving the water-soluble 
tape by dipping the samples into water and then drying at 70 °C prepared the systems for further 
processing and testing.  The contact pads bonded to an anisotropic conductive film (ACF) for 
attachment to a printed circuit board.  The back side of ACF and the contact pads were coated by 
PDMS to prevent the permeation of liquid into the circuit during measurement.  Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT/PSS) was electrodeposited by 15 cycles 
of cyclic voltammetry from -0.2 V to 1 V in a aqueous bath of 10mM EDOT and 0.1M NaPSS 
solution.
[26]
 Ion selective membranes were prepared by dissolving 66mg of 1.8% carboxylated 
Poly(vinyl chloride) (PVC-COOH) and 131mg bis(2-ethylhexyl)sebacate in 1.5ml  
Tetrahydrofuran (THF).
[29]
  Ionophores (2mg of Valinomycin (Potanssium ionophore I, Fluka), 
2mg of tridecylamine (Hydrogen ionophore I, Fluka, USA) or 8mg of ETH 1001 (Calcium 
ionophore I, Fluka) were added for potassium, hydrogen, calcium ion selective membranes, 
respectively.  1mg, 1mg, 3mg of potassium tetrakis (4-chloropheyl)borate) served as a lipophilic 
salt for each type of ion sensors.  Drop casting of 1.5 μl of the membrane yielded the ion 
selective electrodes.
25






  The sensor was conditioned in 0.1M KCl (K
+
 sensor) or 0.1M Ca analytical 
standard solution (Ca
2+
 sensor) or phosphate pH 7 buffer (H
+
 sensor) solution for more than three 
hours prior to electrochemical tests.  All reagents for the membrane preparation and conditioning 
were purchased from Sigma-Aldrich, USA. 
Fabrication of the cellular substrate PMMA (MicroChem) coated on photocurable epoxy (SU-8 
2150, MicroChem) mold served as a sacrificial layer to facilitate release.  Spin casting and 
thermally curing (2 hours at 70 °C) PDMS yielded a patterned cellular substrate.  Undercutting 
by immersing in acetone removed the PMMA layer to allow release of the PDMS for subsequent 
integration with the sensor arrays.  
Measurements of open circuit voltage  A saturated Ag/AgCl electrode (BASi, USA) served as a 
reference electrode.  100ml of 0.1M phosphate buffered saline (PBS) (pH 7.4, 137mM NaCl, 
2.7mM KCl, Na2HPO4 10mM, KH2PO4 1.8mM) was used as a base test solution. (Phosphates 
were removed for Ca
2+
 test to avoid Ca-phosphates precipitates.) 1M KCl, 0.1M CaCl2, 1N HCl 
solutions were added under agitation with a magnetic stirring bar to obtain a calibration curve.  A 
VMP potentiostat (Biologic Technologies, France) or a GAMRY Reference 6000 
potentiostat/galvanostat (GAMRY, USA) with a custom-built multiplexer were used for data 
acquisition.
27
  The calibration range covers the typical range of ion concentration in extracellular 
fluids. 
Measurements of Stress-Strain Responses Mechanical properties of the sensors were measured 
with a dynamic mechanical analyzer (DMA Q800, TA instruments) under uniaxial tensile 








The materials, designs and integration strategies presented here provide a framework for 
chemical sensors capable of monitoring biomarkers in extracellular fluid, with soft physical form 
factors to facilitate bio-integration. Fluid permeability across the sensors minimizes 
accumulation artifacts induced by the the impermeability of conventional substrates.  The 
envisioned advantages of this system for biological applications are in 1) capabilities for intimate 
and persistent contact that follows from the advanced materials integration and their soft 
mechanics, 2) improved accuracy in spatiotemporal mapping of target chemicals due to 
facilitated flow, 3) long term use of the sensor without chemical/mechanical irritation on the 
mounted organs.  As an advanced form of bioelectronic sensors, cellular design schemes can also 
have potential for use in other types of monitoring systems that target various types of 









Figure 1.1. Thin, stretchable array of ion selective sensors on a cellular substrate. (a) 
Schematic diagram of the sensor design. (b) Optical image of fabricated ion sensor on a cellular 
substrate. (b, inset) Ion sensor mounted on a rabbit heart model constructed from agarose gel. (c-
d) Fabrication procedure. (c) Optical images of microfabrication procedure before PEDOT/PSS 
and ion selective membrane coating. (d) Scanning microscope (SEM) images of the electrode 
before and after PEDOT/PSS and ion selective membrane coating. (d, insets) Optical image of 
the electrode before and after PEDOT/PSS electrodeposition without membrane coating. (e) 
Cross-sectional view of the ion selective electrode with membrane coating. (f) Serpentine 
interconnect suspended above an opening in the cellular substrate. (g) Water permeation test 
through a cellular substrate. Injected water is dyed blue for visualization. (h, i) Simulated time 







Figure 1.2. Mechanics of cellular substrates. (a) Stress-strain curves and (b) Poisson's ratios at 
different porosities.  (c, d) Numerical results and optical images for cellular substrates at (c) low 
(40%) and (d) high (80%) porosity under 60% stretching.  (e, f) Numerical results for (e) cellular 
and (f) solid substrates with the ion sensor under 30% stretching.  (g, h) Optical images of (g) 
cellular and (h) solid substrates with ion sensors under 30% stretching.  (i) Stress-strain curves of 








Figure 1.3. Selective ion sensing and spatiotemporal mapping. Open circuit voltage (OCV) 






 sensors in saline solutions.   Insets show the corresponding 
calibration curves. (d) Reversibility of K
+
 ion selective electrode. (e, f) Selectivity of K
+
 ion 




. (g) Schematic diagram of the experimental setup. (h) 
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Chapter 2. Transferred, Ultrathin Thermally Grown Silicon Dioxide Layers 
as Biofluid Barriers for Flexible Electronic Implants 
 
2.1 Introduction to Biofluid Barriers for Flexible Electronic Implants  
 
Emerging classes of flexible hybrid electronics/optoelectronic devices offer attractive 
capabilities as active interfaces to biological systems of relevance to both clinical practice and 
biomedical research. Associated embodiments range from flexible filaments for optoelectronic 
stimulation of targeted neural circuits in the brain,
1-4
 to conformal sheets for high-resolution 
multiplexed electrophysiological mapping on the epicardial surfaces.
5-9
 Such platforms are of 
great interest because they can form minimally invasive interfaces to dynamic, soft biological 
systems, while providing performance characteristics that can approach those of conventional, 
wafer-based semiconductor devices.
10-20
 A critical challenge in this field is in the development of 
materials that, in flexible, thin film form, can simultaneously serve as perfect barriers to biofluids 
and as high quality interfaces to the surrounding biology with multi-decade lifetimes. 
An ideal material for this purpose must be biocompatible, with both exceptionally low 
flexural rigidity and water/ion permeability. Conventional encapsulation strategies, ranging from 
bulk metal/ceramic enclosures in standard implantable devices to organic/inorganic multilayer 
stacks in organic light emitting diode displays, fail, typically by orders of magnitude, to 
simultaneously meet both of these latter two critical requirements.
21-27
 Even for materials that 
have minimal permeability, challenges in forming perfect, pinhole free coatings over large areas 
can be difficult or impossible to overcome, particularly in academic laboratory conditions.  
A recently reported solution involves a physically transferred layer of SiO2 thermally 
grown on a pristine silicon wafer. Results indicate extraordinary water barrier properties at 






 Due to its extremely low water permeability and pinhole-free nature, this type of 
barrier offers key advantages over conventional coatings, as extrapolated from temperature 
dependent studies of immersion in PBS solution. Additionally, the nature of the growth process 
and the transfer procedures eliminate the need for particulate-free fabrication environments. 
System demonstrators exploit 1-μm-thick layers of transferred thermal SiO2 as water barriers and 
capacitive measurement interfaces in which backplanes of flexible silicon electronics provide 
amplification and multiplexed addressing for in vivo electrophysiological mapping on the brain 
and heart.
29
 An intrinsic limitation of this strategy is that the rates for hydrolysis of thermal SiO2 
(0.04 nm/day at 37 
o
C; ~90 nm/day at 96 
o
C) limit the ability to exploit ultra-thin film geometries 
(e.g. 100 nm thick) for enhanced capacitive coupling. Also, ions commonly present in bio-fluids, 
particularly sodium, can diffuse through thermal SiO2 where they can shift and/or degrade the 
switching properties of the underlying transistors. The addition of silicon nitride can mitigate the 
diffusion issue, but its rate of hydrolysis exceeds that of SiO2,
30
 thereby requiring its use as an 
underlayer, away from the biofluid interface. 
 
2.2 Research Objectives 
 
 Here we present materials, designs, and integration strategies for an ultra-thin, transferred 
barrier that combines thermally grown SiO2 with a coating of HfO2 formed by ALD. By 
comparison to previous work on single layer systems of thermal SiO2, systematic experimental 
studies and reactive diffusion modeling suggest that this bilayer barrier can offer significantly 
enhanced longevity for underlying flexible electronics, at ultra-thin geometries. Accelerated 
immersion tests demonstrate that the HfO2 slows the dissolution of the underlying SiO2 in 




Additional results establish aspects of ionic transport through such materials via measurements 
of electrostatically induced shifts in the electrical properties of the underlying transistors. A 
combination of soak tests and temperature dependent simulations provide foundational 
understanding of the role of two competing failure mechanisms - dissolution and ion diffusion - 
on device lifetime. The findings indicate that this bilayer barrier offers excellent capabilities of 
relevance to a diverse range of bio-integrated flexible electronic devices. 
 
2.3 Results and Discussion 
 
 Standard semiconductor processing strategies in growth and transfer printing enable the 
fabrication of high quality electronics directly on oxide layers as the barriers to bio-fluids (Figure 
2.1a). The scheme used here combines some aspects of conventional strategies in which 
deposition of encapsulation material occurs as a last step, with more recently reported 
alternatives in which device processing occurs in a layer-by-layer fashion on an pre-formed 
barrier layer. Figure 2.1a outlines the four main steps. Briefly, electronic devices formed on an 
ultra-thin layer of thermal SiO2 on a silicon wafer transfer, with the SiO2, onto a flexible plastic 
substrate.  Subsequently, deposition of HfO2 by ALD forms a capping layer on the top, exposed 
surface of the SiO2.  For the studies reported here, the electronics consist of an array of 
transistors form on a silicon-on-insulator (SOI) wafer (~100 nm thick device Si and 300 nm thick 
buried thermal SiO2) with the device Si (silicon nanomembranes, Si NMs) as the active channel 
material. The transfer process bonds the front side of the wafer to a thin polyimide film 
laminated on a glass plate as a temporary support. Inductively coupled plasma reactive ion 
etching removes the silicon wafer and simultaneously reduces the buried thermal SiO2 thickness 




nm thick, by a rate of 1.07Å /cycle in 200 
o
C) by ALD on the SiO2 yields a piece of flexible 
electronics encapsulated by an ultra-thin bilayer barrier of HfO2/SiO2. Such devices, by virtue of 
their small combined thicknesses, exhibit excellent mechanic flexibility in cyclic bending tests 
(see details in Figure 2.7). Recent work demonsrates that SiO2 formed and processeed in similar 
fashion can serve as front and back side encapsulation for flexible, actively multiplexed 
electrophysiological mapping systems.
28
 The two upper insets of Figure 2.1b are optical images 
of flexible electronics with a set of NMOS transistors (channel length L = 20 μm, width W = 200 
μm). The bilayer barrier consists of a 100 nm thick capping layer of ALD HfO2 (bio-fluids side) 
and 100 nm thick underlying layer of thermal SiO2 (device side), as illustrated in the lower inset. 
Results of accelerated soak tests of NMOS transistors while immersed in PBS solution with a pH 
of 7.4 at a temperature of 96 
o
C are in Figure 2.1b, in the form of transfer characteristics of a 
representative transistor at a supply voltage VDS=0.1 V. Here, the accelerated tests refer to those 
performed at elevated temperatures to increase the rate of the hydrolysis reaction. At Day 0, 
Figure 2.1c demonstrates the transfer characteristics in both linear and semi-log scales.  The 
on/off current ratio is ~10
8
 and the peak effective electron mobility is ~400 cm
2
/V.s. All 
transistors exhibit stable performance for 10 days (Figure 2.1b) until a sudden failure at Day 11 
(inset of Figure 2.1c). Previous research indicates that although the water permeability through 
thermal SiO2 is extremely small, a slow hydrolysis process (SiO2+2H2O→Si(OH)4, 
corresponding to a dissolution rate of ~ 90 nm/ day in 96 
o
C PBS solution at a pH of 7.4) 
consumes the material, thereby leading to eventual failure. By comparison, a 100/100 nm thick 
bilayer of HfO2/SiO2 barrier has a lifetime ~10 times longer than that of an isolated 100 nm thick 
layer of thermal SiO2 barrier (~1 day in the same condition, consistent with the dissolution rate 




thick) fails quickly due to a small, but finite density of pinholes, as in Figure 2.8b. As a result, 
the HfO2/SiO2 bilayer, in which the HfO2 slows the dissolution of the SiO2 and the SiO2 forms a 
defect-free barrier, can provide an attractive solution to the challenge of chronic encapsulation of 
thin, flexible electronics. A corresponding schematic illustration of the multilayer configuration 
is in Figure 2.1d, as an exploded-view.  
 Soak tests using setups that incorporate thin films of magnesium (Mg), as in Figure 2.2, 
instead of transistors can facilitate rapid evaluation of various water barriers. The strong 
reactivity of Mg with water (                  ) leads, upon exposure, to defects 
that are immediately and easily visible by optical microscopy.  Here, a 200×400 μm2 pad of 
300 nm thick layer of Mg deposited by electron-beam evaporation serves, in this manner, as a 
water-penetration sensor to test the barrier properties of different layers deposited or transferred 
on top. Figure 2.2a shows a schematic illustration of a test setup (Figure 2.2b), for which 
accelerated testing involves continuous immersion in PBS solution at 96 
o
C. For present 
purposes, the barrier lifetime corresponds to the period between immersion and the appearance 
of the first defect observable on the Mg pad by optical microscopy.  This criteria has practical 
value because the lifetimes (days) for systems of interest here are much longer than the time 
(minutes to hours) for an initial defect in the Mg pad to propagate laterally across its entire 
spatial extent. As a result, uncertainties in the time to identify the first observable defect are 
much smaller than the lifetime itself.   
 As shown in the single-layer row in Figure 2.2c, the device encapsulated by a 100 nm 
thick layer of thermal SiO2 survives for 30 hours, after which time the entire Mg layer dissolves 




consistent rate of ~90 nm/day at 96 
o




 and its pinhole free nature.  The 
addition of a layer of HfO2, which itself is insoluble in water (inset of Figure 2.9) and 
simultaneously is non-toxic and biocompatible,
31,32
 can dramatically increase the time for failure 
of the SiO2 layer by hydrolysis. The main limitation of using HfO2 alone is the nearly 
unavoidable formation of pinholes or other defects across the area of interest during deposition in 
the type of cleanroom environments available to academic labs. Under our experimental 
conditions, degradation of Mg with a single layer of HfO2 as a barrier occurs in a very short time 
in Figure 2.2c (see also Figure 2.9) due to these defects. Nevertheless, diffusion of water through 
the HfO2 can be significantly impeded, with consequent reductions on the rate of dissolution of 
the underlying SiO2. 
 These observations motivate the use of a bilayer barrier that combines thermal SiO2 
(device side) and HfO2 (contact with PBS).  Here, the SiO2 serves as a water-impermeable barrier 
without defects, and HfO2 serves as an insoluble, capping layer that slows the dissolution of the 
SiO2. The HfO2/SiO2 (100/100 nm thick) bilayer, as shown in the second row of Figure 2.2c, 
leads to isolated defects in the Mg pad after 10 days, which then expand to consume the entire 
layer of Mg in a few hours (consistent with active-transistor results in Figure 2.1b). Here isolated 
visible defects in the Mg appear at a density of 3~4 per pad (200×400 μm2). As a result, the 
HfO2/SiO2 bilayer barrier eventually fails due to dissolution through these pinholes (see more 
details in Figure 2.9). Experiments performed in the same manner but with various other capping 
materials provide points of comparison. Other metal-oxide layers, e.g. Al2O3 or TiO2, show 
inferior barrier properties compared HfO2 (Figure 2.11) due to correspondingly higher densities 
of pinholes. Polymers, for example, lead to Mg degradation in a ‘bulk’ mode, associated with 




more severe pinhole issues and much shorter lifetimes compared to the bilayer barrier of 
HfO2/SiO2. Another possibility is SiNx, but its dissolution rate in PBS solution surpasses that of 
thermal SiO2 by orders of magnitude.
30
 As shown in Figure 2.2c, the performance of HfO2/SiO2 
bilayer barrier is superior to all other combinations explored, due to a combination of low water 
diffusivities, small pinhole densities and low effective dissolution rates for HfO2. 
 Figure 2.3 shows results of theoretical modeling of reactive diffusion in thermal SiO2 and 
HfO2/SiO2 in PBS solution A one-dimensional single-layer model captures dissolution of 
thermal SiO2, without any capping layer, since the initial thickness h0 is much smaller than the 
lateral dimensions.
33
 Figure 2.3a presents a schematic illustration of the model, where y denotes 
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D  and 
2SiO
k  are the diffusivity of water and the reaction constant between the SiO2 and 
water, respectively, w is the water concentration, which depends on position y and time t.  The 











   , corresponding to a water 
concentration that is constant 0w  (=1 g cm
–3
) at the water/SiO2 interface and a water flux at the 
bottom surface of the thermal SiO2 layer that is zero.  The initial condition is zero water 
concentration in the thermal SiO2, i.e.,  00 0 0tw y h    .  The water concentration can be 
analytically solved by applying the method of separation of variables, which gives the thickness 
2SiO































is the critical time for full dissolution of the thermal SiO2.  Here q (=2) is the number of water 
molecules that react with each atom of SiO2, 
2SiO









M  (=18 g mol
–1
) are the molar masses of SiO2 and water, 
respectively. 
 From soak tests of thermal SiO2 in PBS solution, the diffusivity 
2SiO
D  and reaction 
constant 
2SiO


































 The two 
constants at the other temperatures can be inferred from those at 96 ℃  by experimentally 
measured dissolution rates and the Arrhenius equation, with an apparent activation energy 
1.32eVAE  .
28
  Figure 2.3b shows the change in the thickness of the thermal SiO2 with time in 
PBS solution at 96 ℃. The simulated results (lines) agree well with those measured (symbols; 
Mprobe Station (SemiconSoft, USA) for all three initial thicknesses, i.e., 30, 50, and 75 nm. For 
a layer of ALD HfO2 submerged in PBS solution, experiments show that the thickness does not 
change with time (inset of Figure 2.9), indicating that the reaction constant between HfO2 and 




A bilayer model for the case of HfO2/SiO2 is in Figure 2.3c. For the thermal SiO2, the reactive 
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with the boundary condition 
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D  is the diffusivity of water in HfO2.  The continuity 
of concentration and flux of water at the HfO2/SiO2 interface requires 
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     . By applying the method of separation of variables, an 
analytical solution for the water concentration for this bilayer model can be obtained, which 










critical critical=t t  (6) 
represents the time when the thermal SiO2 layer completely disappears (
2SiO
=0h ), i.e., the 
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From soak tests, the diffusivity 
2HfO


























The detailed simulated results of polymer/SiO2 barriers appear in Figure 2.12.  The findings 
clearly indicate that the low water diffusivity of HfO2 makes it superior to all examined polymers. 
Figure 2.3d predicts the bilayer barrier lifetime as a function of the initial thermal SiO2 thickness, 
for the case of a 100 nm thick HfO2 layer.  The simulated results (line) agree well with those 
measured (symbols).  Figure 2.3e shows the water concentration as a function of time at the 
interface (y=100 nm) of a 100/100 nm bilayer of HfO2/SiO2. The water concentration gradually 
reaches saturation at ~0.13 g cm
–3
 at the HfO2/SiO2 interface after ~3 hours, revealing a fast 
equilibrium between reaction and diffusion. Here, HfO2 serves as a passive layer to effectively 
mitigate the dissolution of the underlying SiO2. Figure 2.3f shows the changes in thickness of the 
SiO2 in a bilayer barrier of HfO2/SiO2 with a 100 nm thick layer of SiO2 and HfO2 with initial 
thicknesses of 0, 10, 50, and 100 nm.  The lifetime as a function of the initial HfO2 thickness 
appears in the inset. The simulated results (line) show good agreement with those measured 
(symbols). The temperature-dependent lifetimes are also investigated. With 
2HfO
D  at 96 ℃, the 
diffusivities at different temperatures can be determined according to the Arrhenius scaling, thus 
giving the lifetime as a function of temperature (Figure 2.13) by Equation (6). Specifically, a 
bilayer barrier of HfO2/SiO2 (100/100 nm thick) offers a projected lifetime of over 40 years at 
37 ℃ PBS (pH of 7.4). 
 The enhanced lifetime indicates that the HfO2 capping layer effectively delays the 
permeation of biofluid to the underlying SiO2. Since biofluids contain not only water molecules 
but alkali metal ions that are known to accelerate the SiO2 dissolution, parametric studies of 
different ionic concentrations provide additional insights into the underlying chemistry. Figure 




layer. The solutions use 10mM Tris to adjust the pH to a physiological condition, pH 7.4. Figure 
2.4a summarizes changes in the reflectance of a 320 nm thick single layer of thermal SiO2 on a 
silicon wafer after soaking in different solutions with different concentrations of sodium chloride 
(NaCl), indicative of various [Na
+
], for 14 hours at 96 
o
C. The uniform color distributions are 
consistent with macroscopically uniform rates of dissolution for all values of [Na
+
]. The peaks of 
the reflectance curves in Figure 2.4a shift toward shorter wavelengths as the thicknesses 
decreases. The rates for these shifts increase with concentration, thereby demonstrating the 
catalyzing effect of Na
+
 on dissolution. Previous studies show that alkali and alkaline metal ions 
accelerate the dissolution of quartz and other amorphous silica polymorphs in near-neutral pH 
solutions.
37-42
 As an example for the systems studied here, Figure 2.4b shows similar soaking 
results in solutions containing Ca
2+
. Here, 0.047M and 0.333M calcium chloride (CaCl2) 
concentrations yield ionic strengths similar to those of the 0.14M and 1M NaCl solutions in 




] at the same 
ionic strength. Figure 2.4c summarizes the dissolution rates of thermal SiO2 in solutions with 




], quantitatively determined from the reflectance data in Figure 
2.4a,b. The results indicate that the presence of Ca
2+
 could determine the lifetime of the SiO2 
layer even when its concentration is lower than that of Na
+
.  According to studies in the literature, 
cations facilitate deprotonation of -OH groups on the surface of SiO2 by shielding negative 
charges, as supported by empirical rate laws that indicate an increase in dissolution rates with 
surface charge.
40,41,43
 Other experimental and computational evidence suggest that cations can 
modify the interfacial water structure to promote hydrolysis of Si-O-Si bonds.
39,42
  
 Figure 2.4d shows results of experiments on the lifetimes of a 100 nm thick layer of 




curves correspond to lifetimes in Na
+
 (black) and Ca
2+
 (red) containing solutions.  The results are 
consistent with the dissolution rates of SiO2 (Figure 2.4c). The solid lines show prolonged 
lifetimes with the addition of the 100 nm thick capping layer of HfO2. As with the single layer of 
SiO2 barrier, the results for HfO2/SiO2 barrier show longer lifetimes in Na
+
 solutions than in Ca
2+
 
solutions at the same ionic strength.  Compared to 100 nm thick layer of thermal SiO2, the 
bilayer barrier of HfO2/SiO2 (100/100 nm thick) enhances the lifetime by a factor of ten. Figure 
2.4e calculates the lifetime ratios between the bilayer of HfO2/SiO2 barrier (100/100 nm thick) 
and single layer of thermal SiO2 barrier (100 nm thick) at each ionic strength.  This ratio 
increases up to a certain level as the ionic strength increases. In the same context, the HfO2/SiO2 
more strongly mitigates the diffusion of Ca
2+
 rather than Na
+
, possibly due to a larger hydrated 
ionic radius and higher positive charge of Ca
2+





 In addition to their effects on dissolution, ions in biofluids (mostly positive species such 
as Na
+
) that diffuse through the barriers can adversely affect the performance of underlying 
transistors, mainly by electrostatically shifting their threshold voltages (VT).
45
 Specifically, ion 
diffusion in PBS can accumulate a layer of positive ions (most Na
+
) at the transistor channel, as 
schematically illustrated in Figure 2.5a, thus leading to an additional electric field that acts in 
concert with the gate voltage (VG) at the transistor front gate. These positive ions give rise to a 
positive enhancement to VG. As a result, the transistor switches on with a more negative VG at the 
front gate, corresponding to a negative shift in VT for an NMOS device. Ion drift-diffusion tests 
on encapsulated NMOS transistors (layer configuration shown in Figure 2.1d) allow comparisons 
of HfO2/SiO2 and SiO2 as ion barriers. Results of accelerated soak tests of NMOS transistors 
during application of an external bias while immersed in PBS solution at 96 
o
C and pH of 7.4 are 




the transistor electrodes (source, drain and gate), as illustrated in the insets. For present purposes, 
device failure is defined as the point when the shift in the threshold voltage ΔVT reaches 1 V. The 
positive Vapp serves as a driving force to impel positive ion transport through barriers, the result 
of which shifts VT of transistors under a 200 nm thick layer of SiO2 barrier by electrostatic 
interactions with the Si channel, as shown in Figure 2.5b. As in Figure 2.5c, the key performance 
characteristics of transistors with bilayer barriers of HfO2/SiO2 (100/100 nm thick) remain 
constant in accelerated soak tests (in 96 °C PBS solution) over the full duration of the 
experiments. The results demonstrate that the bilayer of HfO2/SiO2 barriers can effectively retard 
ion diffusion process compared to the single layer of SiO2 barriers.  
 Results of modeling of Na
+
 transport processes appear in Figures 5d,e. Here, Figure 2.5d 
shows the shift in    extracted from Figure 2.5b for a 200 nm thick layer of SiO2 within 1 day 
with Vapp= 3 V at T=96 
o
C. The drift-diffusion is closely related to the layer of surface charge 
density    of   
  located at the thermal SiO2/substrate Si interface (Figure 2.14). To find the 
relationship between    and    , we numerically simulate a 2D NMOS transistor with 
commercial software (Sentaurus Technology Computer Aided Design) using experimentally 
determined device parameters. The numerical result predicted by this model (red solid lines) fits 
well with experimental data (red solid dots), as displayed in Figure 2.5d. The inset of Figure 2.5d 
presents values of     extracted from data in Figure 2.5c with a 100/100 nm thick bilayer of 
HfO2/SiO2 barrier. Here, the shifts in VT are extraordinarily small (less than ~0.05V) in all cases, 
which further support the outstanding properties of HfO2/SiO2 as bilayer ion barriers. 
 Modeling can also capture the competition between dissolution and ion diffusion in SiO2 




and a 100/100 nm thick bilayer of HfO2/SiO2, respectively, both of which form on transistors. 
The inset of Figure 2.5e displays the configuration without Vapp. We consider an acceleration 
factor (AF) for the failure time as a function of temperature, considering both dissolution and ion 
diffusion failures together. In all cases, device failure corresponds to the point when the SiO2 
disappears due to hydrolysis or when the shift in the threshold voltage     reaches 1V. The AF 
is defined as t failure (T)/ t failure (369K), normalized at 369K. The temperature-dependent Na
+
 
diffusion coefficient follows an Arrhenius relationship:       
      , where k is the 
Boltzmann constant and T is temperature.    is the pre-exponential factor and    is the 
activation energy. We extracted    and    from the data of Figure 2.5d. For the single layer of 
SiO2 barrier, ion penetration dominates the failure time, because the corresponding dissolution 
failure time is much longer than that of the ion-diffusion process. On the other hand, the bilayer 
of HfO2/SiO2 barrier offers improved ion-barrier properties. Here, dissolution plays an important 
role. The AF of HfO2/SiO2 (100/100 nm thick) uses the dissolution failure time from Figure 2.3d 
(369 K) and corresponding simulations for other temperatures in Figure 2.9. A bilayer of 
HfO2/SiO2 barrier offers a projected lifetime of over 40 years at 37 
o
C PBS (pH of 7.4), leading 
to a much higher AF (3 orders of magnitude) than that of SiO2, due to the enhanced ion-barrier 
properties. 
 
2.4 Materials and Methods 
 
Fabrication Methods for Transistors and Test Structures with Water Barrier 
 The fabrication process shown in Figure 2.1a utilizes thermally grown layers of SiO2 and 
a capping layer of HfO2 transferred onto flexible electronic transistors. The process started with 




thick buried thermal SiO2).  Solid source doping with phosphorus formed source and drain 




. Thermal oxidation and atomic layer deposition (ALD) 
at ~1150 °C and 80 °C, respectively, yielded a dielectric stack of thermal SiO2 (30 nm) / Al2O3 
(13 nm). Photolithographicaly patterned metallization (Cr/Au, 10/300 nm) defined source, drain 
and gate electrodes.  A transfer process bonded the front side of this substrate to a thin polymer 
film (Kapton, DuPont, 13 μm) laminated on a glass substrate coated with a layer of 
dimethylsiloxane (PDMS; 10 μm) as a temporary support.  This process began with spin casting 
and curing a coating of polyimide (PI-2545, HD MicroSystems; 3.5 μm) uniformly across the 
transistors, followed by deposition of a thin layer of Al2O3 (20 nm). A commercial adhesive 
(Kwik-Sil, World Precision Instruments) enhanced the adhesion between the Al2O3 and the 
PDMS (coated with Ti (5 nm)/SiO2 (50 nm)) on the temporary support.  After bonding, 
inductively coupled plasma reactive ion etching (ICP-RIE, Surface Technology System) with gas 
flow of SF6/O2 40/3 sccm at a pressure of 50 mT removed the silicon wafer. Subsequent RIE dry 
etching reduced thermal SiO2 thickness with gas flow of CF4/O2 40/1.2 sccm at a pressure of 50 
mT by a rate of 20 nm/min. In this manner, thermal SiO2 can be tuned down to ~ 100 nm 
thickness (Figure 2.6). Selectively, a conformal layer of ALD HfO2 (200 °C, Ultratech 
/Cambridge Nanotech) formed on surface of thermal SiO2 by a rate of 1.07Å /cycle after an oxide 
layer cleaning procedure, which included a soaking in piranha solution (Sulfuric acid and 
hydrogen peroxide, volume ratio 1:1, at room temperature for 3 minutes) and then 5 minutes of 
Ultraviolet ozone (UVO) treatment. Peeling the device completed the process, yielding a bi-layer 
barrier of HfO2/SiO2. 
 For the transistor encapsulated by single layer of HfO2, the fabrication process in this 




SOI wafers) onto the HfO2 surface coated with a layer of polyimide as an adhesive (diluted PI 
2545, thickness < 300 nm). Subsequent fabrication steps followed those described previously for 
the case of single layer SiO2 encapsulation. 
Water Barrier Demonstrated with Performances of NMOS Transistor 
 All transistors were under electrical measurements in a series of accelerated soak tests. A 
well structure made of poly (dimethylsiloxane) (PDMS) confined the PBS solution within the 
central regions on the barrier layers (~1 cm
2
), thus eliminating any PBS penetration through the 
edges of the samples. UVO treatment of the surfaces of these oxide layers and the bottom 
surfaces of PDMS well structures ensures strong bonding of physical contact in order to yield a 
waterproof seal in various temperatures. 
 In this test structures, Figure 2.7 establishes the collections of transfer characteristics of 
Si transistor performances during accelerated immersion test in 96
 o
C PBS solution at pH of 7.4. 
Here the water barriers are 100-nm-thick layer of single thermal SiO2 (Figure 2.7a) and 100-nm-
thick layer of single HfO2 (Figure 2.7b), respectively. All devices retain functionality, without 
measurable change from their initial state within each lifetime (24 hours for single thermal SiO2 
layers; 2 hours for single HfO2 layers). The electrical performances fail suddenly and 
catastrophically right after water diffusion leading to a short circuit, as displayed in insets of 
Figure 2.7. 
Fabrication of Mg test device with different encapsulation materials  
(1) Soak test of Mg for single layer water barrier (SiO2 or HfO2): Photolithography with a 
negative photoresist (AZ nLOF 2070, MicroChemicals) formed 200×400 μm2 square area 
on a clean wafer with a thermal SiO2 layer or glass substrate. Subsequent electron-beam 




100-nm-thick single thermal SiO2 encapsulation, fabrication steps followed those described 
previously in Figure 2.1a. For 100-nm-thick single HfO2 encapsulation, a superior formation 
of ALD HfO2 with 100 nm thickness appeared on surface of Mg pads by ALD deposition in 
200 
o
C. Figure 2.8 exhibits results of temperature-dependent Mg soak tests of 100-nm-thick 
layer of HfO2 in PBS solution at pH of 7.4. The Mg lifetime decreases as an exponential 
relationship with increasing temperature, which demonstrates a survival of ~ 1 day in room 
temperature while < 1 hour in 96
 o
C . However, the thickness of HfO2 remains unchanged 
even in 96
 o
C PBS solution during one month, as shown in inset of Figure 2.8. As a result, the 
immersion tests indicate that HfO2 layer as a water barrier fails in a pinhole manner and the 
periods needed of water-diffusion through these pinholes decreases in an exponential 
relationship with increasing surrounding temperature. 
(2) Mg Test Structures for Evaluation of SiO2-based bi-layer Water Barrier Performance of 
Various Materials: Photolithography with a negative photoresist (AZ nLOF 2070, 
MicroChemicals) defined Mg patterns on a clean wafer with a thermal SiO2 layer. 
Subsequent electron-beam evaporation and lift-off yield 5/300 nm Ti/Mg. Such devices were 
bound to a glass handling substrate and thermal SiO2 were exposed by the etching back 
technique as stated above. Different deposition methods for candidates were used to yield 
various capping materials on the top of SiO2 before or after Mg formation (Figure 2.2c; Table 
2.1). Parylene C was chemical-vapor-deposited with various thicknesses (SCS Parylene 
Deposition System). Ti/Pt was prepared by electron-beam evaporation. Formation of the 
SiNx (< 250 M Pa compressive stress, ROGUE VALLEY MICRODEVICES) relied on high 
temperature (~1200 K) growth on a layer of thermal SiO2 (100 nm thickness). Other 




photodefinable epoxy (SU-8 2000, MicroChem), polyimide (PI-2545, HD MicroSystems) 
and Polymethylmethacrylate (PMMA) were prepared by spin coating.  
Reactive Diffusion Model of Water Barrier Performances 
 Figure 2.2c and Table 2.1 summarize all of the experimental results.  Popular organic 
passivation materials, for instance, SU-8 and Polyimide, enhance thermal SiO2 limitedly, lifetime 
of which is lower than that of Parylene C with same thicknesses.  As a result, Parylene C is the 
strongest polymer among all of candidates in Table 2.1 with ultra-thin structure, possibly due to 
fabrication methods of Parylene C.  For example, 100/100-nm-thick bi-layer of Parylene C 
(contact PBS solution)/SiO2 survive for around 5 days in 96 
o
C PBS solution at pH of 7.4, which 
is still not as long as HfO2 encapsulation on SiO2. 
 Both single-layer and bi-layer reactive diffusion models are established to capture the 
water barrier performances, as shown in the main text.  By solving the single-layer model 
illustrated in Figure 2.3a, the water concentration can be analytically solved by applying the 
method of separation of variables, yielding 
 (S1) 
The thickness  of the thermal SiO2 layer, changing with time, is obtained by subtraction 
from h0 of the integration of  over both the thickness direction y 
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molecules that react with each atom of SiO2,  is the mass density of thermal SiO2 (=2.33 g 
cm
–3
),  (=60 g mol
–1
) and  (=18 g mol
–1
) are the molar masses of SiO2 and water, 
respectively.  We thus have 
  (S2) 
which reveals that the non-dimensional thickness, , depends on the non-dimensional 
time , non-dimensional parameter , and a single combination of water 
concentration w0 and mass density  of thermal SiO2, .  For the 
present study, the summation in Equation (S2) is negligible such that the equation is simplified to 
Equation (2).  By solving the bi-layer model illustrated in Figure 2.3c, the analytical water 
concentration solution is 
  (S3) 
where 
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  are the roots of the eigen equation 
, which is obtained 
from the condition of continuity of concentration and flux of water at the HfO2/SiO2 interface.  
The initial condition of zero water concentration requires .  The 
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 . (S7) 
In the same manner as described in the single-layer model, the non-dimensional thickness of the 
thermal SiO2 layer is given by 
 (S8) 
For the present study, the summation in Equation (S8) is negligible such that the equation is 
simplified to Equation (5). 
 For the bi-layers with thermal SiO2 capped by different polymers, the diffusivities are 
determined from the bi-layer reactive diffusion model according to the experimental lifetime 
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It is obvious that the best polymer for water barrier is Parylene C, and the worst one is SU-8.  
Figure 2.9 reveals good agreement of barrier lifetime versus capping layer thickness between the 
theoretical results (lines) and those from experiments (symbols). 
 Figure 2.9 plots the temperature-dependent lifetime of 100 nm/100 nm-thick-HfO2/SiO2 
encapsulation layer according to the bi-layer model.  For thermal SiO2,  at different 
temperatures are obtained from the Arrhenius equation , where  is the 









 at 96 ℃,  is 
determined, and is obtained as .   at different 
temperatures are obtained from the dissolution rates measured in the experiments based on the 


















 at 96 ℃.   at different temperatures are obtained from the lifetime 
tests of 100 nm/100 nm-thick-HfO2/SiO2 at 90 ℃ (~15 days) and 96 ℃ (~8 days) based on the 






 Solutions and Related SiO2 Thickness Measurement in Various 
Ionic Strengths 
 1M NaCl and CaCl2 (Sigma Aldrich, USA) solutions were diluted in deionized water to 
make the desired concentrations.  Each solution was buffered with 10mM Tris at pH7.4 at 96
o
C 
with a calibration coefficient -0.025 pH/
o


























measured with Mprobe (SemiconSoft, USA) from wavelength of 400nm to 1000nm to calculate 
the thickness before and after the soaking tests. 
Sodium Transport Simulations and Numerical Simulation for Induced NMOS    Shift 
 Modeling of     transport process involves solving for the density profile of Na+ (    ) 
in the barrier layer follows from time-dependent solutions of the coupled equation:  
         
   
  
      
 
 (S9) 





          
       
  
     
     
  
  (S10) 
where        is the electrical potential,   is the dielectric permittivity.      and      are the 
mobility and diffusivity of Na
+
. Einstein’s relation: 
 
   




 connects these quantities. These 
two coupled equations were solved numerically on a one-dimensional domain using COMSOL 
Multiphysics® . A value of the diffusivity (D) of Na
+
 in wet thermal SiO2 from previous reports 
allowed calculation of the corresponding ion migration mobility (μ) using the Nernst-Einstein 
relation. A constant boundary condition        and     corresponds to an applied bias at 
the PBS/SiO2 and SiO2/Si interfaces, respectively. 
 Figure 2.5d shows the spatially distributed Na
+
 concentration and electrostatic potential 
profile computed after 1 day for the case of          thermal SiO2 in 96 
o
C with Vapp of 0 
and 3 V. Specifically, Na
+
 migrates through the SiO2 layer and accumulates near the SiO2-Si 
substrate interface, and form a form a thin layer of accumulated Na
+
 with surface charge density 
   (in unit of    
 ). We calculate    from the spatially distributed   
  density shown in 
Figure 2.5d by integrating     concentration over the thickness of the of the accumulated     





                
 
    
 (S11) 
where q is the elementary charge, t is the time,   is the thickness of the thermal SiO2 layer. 




   
    
    
   (S12) 
The accumulated     surface density    leads to an enhancement on VG at the front gate. An 
NMOS model in the Sentaurus simulator allows quantitative calculation of the influence on    . 
Figure 2.5a demonstrates the cross section of embedded NMOS device underneath the 
encapsulation layer. The device dimensions are the same as those in experiment: channel length 
(L=20um), Si substrate thickness (   =100 nm) and gate oxide thickness (         ). The 
material for the channel is intrinsic Si and that for the source and drain regions is n-type Si with a 
doping level of         . We apply          between source and drain, sweep the gate 




 In summary, the use of coatings of HfO2 on top of ultra-thin layers of SiO2 thermally 
grown on device-grade silicon wafers can provide excellent water/ion barrier performance for 
flexible electronic devices. A comprehensive combination of experiments and simulations 
highlights the underlying physical and chemical effects associated with this type of bilayer 




will allow for a wide range of chronic studies in animals and, potentially, for use in advanced 









Figure 2.1. Transferred, ultrathin bilayer of SiO2 thermally grown on silicon wafers and 
HfO2 formed by ALD serve as excellent barriers to biofluids and ions in flexible electronic 
implants. a) Scheme for fabricating test structures that include silicon transistors: 1) Fabrication 
of transistors on an SOI wafer; 2) Pressure bonding the top surface of this wafer, face down, onto 
to a glass substrate that is laminated with a thin film of polyimide (Kapton, 13 µm); Removal of 
the siliconhandle wafer by dry etching; 4) Surface cleaning and ALD of HfO2; release of the 
flexible device from the substrate. b) Transfer characteristics collected during immersion in PBS 
solution at pH 7.4 and 96 
°
C for 10 d, at a supply voltage V
DS
 = 0.1 V. The upper insets show 
optical images of a sample produced in this manner with a 100/100-nm-thick bilayer of 
HfO2/SiO2 as a barrier on its top surface and a single transistor structure after bonding. The 
lower inset shows a schematic illustration of the NMOS transistor stack. c) Transfer 
characteristics at Day 0 plotted in both linear and semilog scales, at a supply voltage VDS = 0.1 V. 
The inset shows transfer characteristics collected at the time of failure on Day 11 d) Schematic 






Figure 2.2. Effects of the capping layer thickness and materials type on the rate of 
dissolution of SiO2. a) Illustration of the layer configuration for tests that use thin films of Mg as 
indicators of water penetration. b) Top-view optical image of a Mg pad encapsulated by a barrier 
layer. c) Results of accelerated immersion tests that involve immersion in PBS solution at 96 
°
C. 
The single-layer row displays findings for 100-nm-thick layers of SiO2 and HfO2 as barriers, 
respectively. The double-layer rows show sequential images of Mg encapsulated by various 











Figure 2.3. Theoretical modeling of reactive diffusion for the hydrolysis of thermal SiO2 
and HfO2/SiO2 barriers. a) Schematic illustration of the single-layer model. b) Simulated (lines) 
and measured (symbols) changes in thickness of a single layer of thermal SiO2 with initial 
thicknesses of 30, 50, and 75 nm in PBS solution at 96 °C. c) Schematic illustration of the 
bilayer model. d) Simulated (line) and measured (symbols) lifetime of a HfO2/SiO2 bilayer 
barrier with a 100-nm-thick layer of HfO2 and different thicknesses of thermal SiO2. e) 
Distribution of water concentration at the interface of a 100-nm/100-nm-thick bilayer of 
HfO2/SiO2 barrier. f) Changes in thickness of thermal SiO2 in a HfO2/SiO2 bilayer barrier with a 
100 nm thick layer of SiO2 and HfO2 with initial thicknesses of 0, 10, 50, and 100 nm. The inset 
presents the simulated (line) and measured (symbols) lifetime of a HfO2/SiO2 bilayer barrier with 









Figure 2.4. Ion effect on SiO2 dissolution and lifetimes for thermally grown SiO2 
with/without a capping layer of HfO2. a) Optical properties of a 320-nm-thick layer of thermal 
SiO2 after soaking in solutions with various [Na
+
]. Optical images (left) and reflectance (right) of 
the SiO2. b) Optical properties of the same SiO2 layer after soaking in solutions with various 
[Ca
2+





Lifetime of barrier layer of SiO2 (100-nm thick) with and without a capping layer of HfO2 (100-




]. e) Relative lifetime of a bilayer of 




. Here, the 






Figure 2.5. Experimental and simulation results for the behavior of NMOS transistors 
encapsulated with SiO2 and HfO2/SiO2 barriers in various tests of immersion in PBS 
solution at pH 7.4 and 96 
°
C. a) Cross-sectional illustration of the embedded MOSFET device 
with sodium in the channel region. Results of tests for b) a 200-nm-thick layer of SiO2 and c) a 
100/100-nm-thick bilayer of HfO2/SiO2 in PBS soak tests at 96 °C and with an applied bias, Vapp 
= 3 V. Schematic illustrations of the samples and bias configurations appear in the upper insets. d) 
Shift in the threshold voltage as a function of time with Vapp = 3 V bias for a 200-nm-thick layer 
of SiO2 at 96 °C. The solid dots are experimental data and the lines are simulations. Inset 
indicates shifts in threshold voltage for a 100/100 nm bilayer of HfO2/SiO2 as a function of time 
with Vapp = 3 V bias at 96 °C. e) Acceleration factors for both ion diffusion and dissolution as a 
function of temperature for a 200-nm-thick layer of SiO2 and a 100/100 nm bilayer of HfO2/SiO2, 







Figure 2.6. The SEM image in 45
o
 view of a 100 nm thick layer of thermal SiO2 barrier above 







Figure 2.7. (a) Results of bending tests of the NMOS transistor with HfO2/SiO2 bilayer Figure 
S2.(a) Results of bending tests of the NMOS transistor with HfO2/SiO2 bilayer barriers. Upper 
inset is the optical image of a 2×2 transistor array with 1 cm bending radius. Gate leakage 
currents collected during bending tests are shown in lower inset. (b) V shifts Gate leakage 
currents collected during bending tests are shown in lower inset. (b) VT shifts remain unchanged 













Figure 2.8. Results of accelerated soak tests of NMOS transistors with different single layer 
encapsulation in 96 
o
C show (a)encapsulation of a single 100 nm thick layer of thermal SiO2 
barrier and (b) a 100 nm thick layer of HfO2 barrier. Equivalent circuits are shown in both of 




Figure 2.9. Temperature-dependent Mg soak test of a 100 nm thick layer of HfO2 barrier in PBS 
solution . The lifetime decreases as an exponential relationship with increasing temperature. Inset 
shows the thickness remains unchanged during soaking 96 
o








Figure 2.10. (a) Optical properties of a 100/100 nm thick bilayer of HfO2/SiO2 before (the black 
line)/after (the red line) 10-day soaking in PBS solutions at T=96 oC. Insets show the optical 
images of SiO2 before/ after soaking. (b) Real-time thickness measurements of SiO2 during soak 









Figure 2.11. Comparison of accelerated immersion results among different metal-oxide layer 










Figure 2.12. Lifetimes ofpolymer/SiO2 bi-layer barriersversus thickness of standard polymer 








Figure 2.13. Simulation of temperature-dependent lifetime of 100 nm/100 nm thick bilayer of  











Figure 2.14. Computed [Na
+
] concentration profiles and potential distributions within a layer of 
thermal SiO2 barrier after 1 days of immersion in PBS at T=96 
o
C. The applied bias is 0 of 
thermal SiO2 barrier after 1 days of immersion in PBS at T=96 
o
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Chapter 3. Kinetics and Chemistry of Hydrolysis of Ultrathin, Thermally 





3.1 Introduction to TG-SiO2 Dissolution 
 
 Recent advances in high-performance, flexible electronics/optoelectronic devices 
establish the foundations for physiological monitors and therapeutic systems implantable in 
nearly any region of the body.
1–9
 Examples range from devices for high resolution 
electrophysiological mapping on the cortical surfaces to injectable needles for optical stimulation 
and/or pharmacological manipulation of targeted neural circuits.
1,3
 Owing to the intrinsically low 
bending stiffnesses of the thin materials used in these platforms, the devices can establish 
conformal, minimally invasive interfaces to the curved, dynamic surfaces of soft biological 
systems while possessing many of the performance characteristics associated with rigid, planar, 
semiconductor-wafer-based integrated circuits.  The absence of thin, flexible film barriers to 
biofluids has been a critical obstacle for use of such platforms as chronic implants, where the 
ultimate timescale for stable operation may reach into the realm of many decades. Recent work 
shows that physically transferred layers of silicon dioxide (TG-SiO2) thermally grown on device-
grade silicon wafers can provide defect-free isolation from biofluids without significantly 
compromising the flexible mechanics, suitable for integration onto broad classes of bio-
compatible electronic devices.
10,11
 The dense, amorphous consolidated nature of the TG-SiO2 
and its nearly perfect nature (e.g. pinhole-free) follow from the controlled, high-temperature 
growth conditions and the single crystalline, atomically smooth growth substrates; the resulting 
films can enable zero water penetration across macroscopic areas even at thicknesses in the range 




thickness caused by dissolution of SiO2 through hydrolysis (SiO2 + 2H2O  Si(OH)4) associated 
with immersion in biofluids.
10
  The rate of this dissolution and its dependence on chemical 
composition of the surrounding aqueous solution therefore represent issues of critical importance 
in selecting designs to match lifetime requirements.  
 Previous studies show that the thickness of TG-SiO2 decreases in a linear fashion with 









C, with Arrhenius scaling.
10,12
 The 
results suggest that the hydrolysis of TG-SiO2 proceeds by surface reactions without a significant 
role of reactive diffusion of water into the bulk SiO2 or of water permeation through defect sites.   
 
3.2 Research Objectives 
 
 The studies reported here focus on detailed, parametric investigations of the effects of the 
chemical composition of the surrounding solution, to establish essential aspects of the hydrolysis 
reaction and its role in determining the stability of implantable flexible electronic devices. As 
described in the following, the findings indicate that the compositional variance of different 





and artificial perspiration) alters the dissolution rates to a significant degree in many cases.  
Silicic acid, another ubiquitous chemical in biofluids, can strongly decelerate the dissolution, 
depending on the concentration. Measurements of TG-SiO2 dissolution in aqueous solutions with 












), ionic strengths (0 - 1M) and pH (pH6 - 
pH9) reveal accelerated dissolution at high ionic concentrations for all ion types, but with 
different acceleration factors and saturation levels. At similar ionic strength and pH, Ca
2+
 










especially at higher pH.  HPO4
2-
 leads to rates of dissolution that are faster than those associated 
with Cl
-
 at higher ionic strength. The discussion summarizes these results and compares them to 
previous studies of dissolution kinetics with other forms of silica such as quartz and amorphous 
polymorphs, with emphasis on underlying mechanistic reasoning.  
 
3.3 Results and Discussion 
  




Figure 3.1 summarizes some observations of spatially uniform thinning of layers of TG-
SiO2 by hydrolysis in simulated biofluids. The measurements involve immersing 5mm×5mm 
pieces of Si wafer with a ~300 nm thick layer of TG-SiO2 in 30 ml of each solution. Calculations 
based on the amount of dissolved SiO2 and direct experimental measurements by inductively 
coupled plasma mass spectrometry (ICP-MS) analysis indicate that the silicic acid concentration 
remains <1ppm throughout the course of these experiments. Figure 3.1a summarizes the changes 
in thickness associated with immersion in five types of simulated biofluids at 37
o
C: PBS, Hank’s 




, artificial perspiration and 
bovine serum.  Table 3.1 summarizes the compositional differences of these solutions. The main 
difference between perspiration, PBS, and HBSS is in their pH levels (PBS: 7.4, HBSS: 8.3 (CO2 
sensitive), perspiration: 4.5). Each solution yields a different dissolution rate: <0.01 nm/day 
(perspiration); 0.07  0.02 nm/day (PBS); 0.46  0.03 nm/day (HBSS without Mg2+, Ca2+); 





 (0.9mM) and Ca
2+
 (1.3mM) to HBSS increases the rate by a 




an apparent increase in thickness, thereby frustrating an accurate measurement of dissolution.  









Effects of ion concentration and pH on dissolution of TG-SiO2 
The optical images in Figure 3.2a highlight the changes in color that occur as the 
thickness of TG-SiO2 decreases in phosphate buffer solution (Na2HPO4/NaH2PO (NaPO) 10mM, 
pH7.4)  at 100
o
C. (Here, the molar concentration of the phosphate buffer is the sum of NaH2PO4 
and Na2HPO4 as conventionally used in the buffer description.) The uniformity in color during 
the dissolution is consistent with a high level of macroscopic uniformity in the hydrolysis 
reactions across the entire spatial extent of the sample.  Figure 3.2b summarizes corresponding 
reflectance data that show a continuous shift of the peaks toward shorter wavelengths as the 
thickness decreases. Such measurements quantify the changes in thickness, (from 320 nm at 0 h 
to 210 nm at 24 h) to yield the dissolution rate. Parametric studies at an elevated temperature 
(100
o
C) yield data on the dependence of dissolution rate on ion concentration and pH. Biological 
and environmental fluids cover a range of pH values and concentrations of ions. For example, 
the pH of common natural water can be as low as 4.5 (urine, sweat) and as high as 8.4 (sea 
water). In terms of salinity, rivers and oceans contain 0.1g to 100g/L solid contents mostly 












, and silica) 
while extracellular biofluids contain strictly regulated salts amount within 8 – 20 g/L, mostly 
NaCl. Figure 3.2c summarizes the catalyzing effect of ions (NaCl) at various pH levels adjusted 
by ~3.3mM NaPO. Since the ratio between NaH2PO4 and Na2HPO4
 
in phosphate buffer changes 




concentration, for all pH values. The results show that at all NaCl concentrations (30, 140, 
990mM), the dissolution rates increase with pH with a half-order dependence on OH
-
 
concentration, consistent with previous studies of TG-SiO2 in phosphate buffer solution.
10
 Rates 
are 40 3 nm/day (30mM), 46 3 nm/day (140mM), 64 4 (990mM) at ~pH6.9, and 218 6 
nm/day (30mM), 260 8 nm/day (140mM), 359 8 (990mM) at pH8.2 (990mM) – pH8.4 (30, 
140mM). The enhanced dissolution at high pH likely follows from deprotonation of the silanol 
groups on the silica surface and their higher reactivity toward hydrolysis as observed in the 
relation between the silica surface charge and the dissolution rates for other types of silica.
16
 
Although atomistic mechanisms of the accelerating effect of ions are not well known, 
experimental results suggest that the presence of ions increases the frequency of the reactions 
without significantly decreasing the activation energy.
17
 Consistent with those prior results, the 
apparent activation energies for the hydrolysis of TG-SiO2 extracted from measurements at three 
temperatures with Arrhenius scaling suggests that the average activation energies remain 
~0.89eV without significant differences between different ion concentrations solutions (Figure 6). 





Effects of silicic acid on dissolution of TG-SiO2 
Although studies of dissolution in pure water with <1ppm of Si(OH)4 yield valuable 
kinetics information, investigations on dissolution in solutions with specified, non-negligible 
concentrations of Si(OH)4 are important in the context of biological environments. Figure 3.3 
shows the effects of silicic acid (Si(OH)4), a product of SiO2 hydrolysis and with ubiquitous 








used Si(OH)4 extracted from a 1000 ppm Si standard solution (Sigma Aldrich). The data in 
Figure 3.3a highlight the strong decrease of dissolution rate with increase in [Si(OH)4] due to the 
faster rate of the reverse hydrolysis reaction consistent with the dissolution behavior of quartz 
and other silica polymorphs.
19,20,21
 The dissolution almost entirely stops at ~600ppm Si(OH)4 at 
100
o
C. Figure 3.3b presents fits of experiment data to a polynuclear dissolution model previously 
used to explain the dissolution of fused quartz/synthetic silica in solutions containing Si(OH)4.
21
 
This model describes the dependence of SiO2 dissolution on [Si(OH)4] by reduced rates of net 
detachment of Si(OH)4 from the surface and increased activation energy for vacancy (or highly 
reactive) formation where dissolution starts to spread. The model expresses the rate as 
 
where R is the volume of dissolution nuclei formed per unit area of surface and time, h is the 
height of the vacancy, S is the surface area affected by each nucleation event, A is a 
preexponential factor for nucleation rate, ω is the specific volume of molecule (cm
3
/molecule), α 
is the local interfacial free energy, k is the Boltzmann constant, and T is the temperature.
21
 
σ=ln(C/Ce) is the degree of undersaturation, where C and Ce (630ppm) are experimental and 
equilibrium concentrations of Si(OH)4, respectively. The equation indicates that the logarithm of 
the rate of removing a unit of material from the surface has a squared dependence on the 
interfacial free energy (α) to create new surface with highly reactive Si atoms exposed. We used 
these values for the following parameters, ωTG-SiO2 = 4.54
-23 
cm/molecule, height hTG-SiO2 = 2.17 
Å  and T = 373.15 K.
21
 Linear lines in Figure 3.3b shows the model fit to the experiment data of 
TG-SiO2 dissolution. The interfacial free energy αӀ* = 80.2 mJ/m
2
 is obtained for the higher-
slope region at high undersaturation, and αӀӀ* = 29.3 mJ/m
2
 is obtained for the lower-slope region 
















two different slopes have been attributed to different regimes of the dissolution dominated either 
by nucleation of reactive surface Si atoms with fewer backbonds (undersaturation) or by reactive 




Dependence of TG-SiO2 dissolution on cation type 
 Since ions can accelerate the rates of dissolution (Figure 3.2c), studies of different cation 
and anion types that are present in biological or ground water are important. Figure 3.4 
summarizes the role of cation type on TG-SiO2 dissolution. Here, the use of Tris buffer instead 





) with the HPO4
2-
. Figure 3.4a shows measured rates in CaCl2, MgCl2, and NaCl 
solutions at 30mM ionic strength (IS) and near neutral pH. The results show that Ca
2+
 accelerates 




 cations in all pH ranges, as previously 
reported at low silicic acid concentrations.
20,21





insignificant for pH in the low part of this range, (9 4 nm/day (NaCl), 13 3 nm/day (MgCl2), 
15 3 nm/day (CaCl2) at pH 6.9), but become significant at higher pH (114 11 nm/day (NaCl), 
367 13 nm/day (MgCl2), 456 20 nm/day (CaCl2) at pH 8.1). The underlying mechanisms 
likely relate to enhanced electrostatic interactions between more negatively charged SiO2 
surfaces and divalent cations at higher pH.
16,22
 Since the [Cl
-
] is lower in CaCl2 and MgCl2 
solutions than that in the NaCl solution at the same ionic strength, the observed acceleration can 
be attributed to the cations. The results are consistent with previous studies on quartz where 
faster rates occur with Ca
2+




 Ab initio calculations suggest that bond paths can 




 cations and a bridging oxygen site on the silica 




connected Si to attack by water.
24





 arise from differences in water dynamics associated with these ions. 
Dissolution rates in KCl and NaCl solutions are similar. (Figure 7)   
 Figure 3.4b presents the previous results in units of mol/sec∙cm
2
 to facilitate comparisons 







 at near neutral pH at 100
 o

































, respectively in Tris buffer. This dependence on pH is significantly larger 
than that for phosphate buffered solutions (0.5) as the values of the pH dependence depend on 
the buffer systems.
16
 The difference between phosphate and Tris buffers could result from 
interactions between the phosphate anion and the SiO2 surface, as discussed later in the context 
of studies of effects of anions (Figure 3.5). Figure 3.4c describes the dependence of dissolution 
rates on the ionic strength at pH7.7. The rate associated with Ca
2+
 is the highest at all 
concentrations. For all ion types, the rates increase initially at low concentrations, and then tend 
to saturate at high concentrations.(from 13 5 nm/day (without salts) to 166 10 nm/day (NaCl), 
164 16 nm/day (MgCl2), 437 22 nm/day (CaCl2) at 1M ionic strength, pH 7.7) This saturation 
behavior also occurs with quartz,
18
 and is generally believed to result from saturation of cations 
near the SiO2 surface after effective screening of the negative SiO2 surface charge.  
 
Dependence of TG-SiO2 dissolution on anion type 
Although the enhancements of dissolution rates in electrolyte solutions are typically 
attributed to cation-SiO2 and cation-water interactions,
26,23








. Figure 3.5 compares dissolution rates in solutions of NaCl and 
Na2HPO4. The Na2HPO4 solutions also include a small amount of NaH2PO4 (Na2HPO4/NaH2PO4 
< 0.1) to adjust the solution pH while maintaining the total ionic strength at the desired level. 
Addition of 10mM (by ionic strength) Na2HPO4/NaH2PO4 (NaPO) to the NaCl solutions 
maintains a constant pH. Figure 3.5a compares the concentration of Na
+
 in the NaCl and NaPO 
solutions at ionic strengths of 40mM, 150mM and 1M. In all cases, [Na
+
] is higher in NaCl 
solutions than in NaPO solutions at the same ionic strength. Figure 3.5b and c summarizes 
dissolution rates in NaCl and NaPO solutions at different ionic strength. The results indicate that 
the difference in the dissolution rates with different anions is small at 40mM, (e.g. 40 3 nm/day 
(NaCl), 40 4 nm/day (NaPO) at pH 6.9) but that the rates with phosphate anions become 
significantly faster than those with Cl
-
 at high ionic strengths for all pH levels. (e.g. at pH 6.8, 
46 3 nm/day (NaCl), 77 3 nm/day (NaPO) in 150mM, and 64 7 nm/day (NaCl), 146 9 
nm/day (NaPO) in 1M ionic strength) Such anion specific dissolution behaviors may arise from 
screening of negative surface charge of SiO2 by Na
+
 at high ionic strength and direct interaction 
between SiO2 and anions. Strong hydrogen bonding interactions between phosphate and the 
silica surface can be observed in sum frequency generation and FTIR spectroscopy
27,28
 
Measurements of dissolution at different temperatures (Figure 8) suggest an activation energy 
with HPO4
2-
 (0.6 eV) that is lower than that with Cl
-
 (0.8eV) at 150mM ionic concentration, 
thereby suggesting accelerating mechanisms that are different than those of cations.  
 
3.4 Materials and Methods 
 
All experiments used commercially obtained Si wafers (P-type (Boron), 1-100 Ω·cm, 
(100), University Wafer). TG-SiO2 was grown by wet thermal oxidation (1150
o




surfaces. Soaking tests involved various types of simulated biofluids including PBS (Corning 
cellgro), Hank’s balanced salt solution (HBSS) (Thermo Fisher Scientific), bovine serum 
(RMBIO), artificial perspiration (Pickering Laboratories) at 37
o
C.  Storage of these solutions 
occurred in PETE bottles, as purchased; experiments used high density polyethylene (HDPE) 
bottles (United States Plastic Corp.). NaCl, KCl, NaH2PO4/Na2HPO4 solutions were prepared by 
mixing the salts in deionized water. CaCl2 and MgCl2 solutions were diluted from their 1M 
standard solution (Sigma Aldrich). 1g/L Si standard solution (Sigma Aldrich) prepared by 
dissolving Si in 2% NaOH was added to PBS to include silicic acid.  The pH of phosphate buffer 
was adjusted by changing the ratio between NaH2PO4 and Na2HPO4 while pH of Tris buffer was 




C in each solution, the thickness 





 This paper presents systematic studies of the dissolution behaviors of ultrathin layers of 
TG-SiO2 in aqueous solutions relevant to biofluids.  The data reveal key factors in the dissolution 
kinetics: ion type and concentration, pH and concentration of silicic acid. Certain of the results 
are consistent with the previous studies on quartz and amorphous silica.  Additional results 
establish significant catalyzing effects from divalent cations at high pH and anion specific 
features at high ionic strength. The findings are critically important in the context of the use of 
TG-SiO2 as a water barrier layer for active electronic implants, and in other cases where long-










Figure 3.1.  Dissolution of thermally grown silicon dioxide (TG-SiO2) due to immersion in 
simulated biofluids at 37
o
C.  (a) Change in thickness of TG-SiO2 as a function of time of 










Figure 3.2.  Effects of ion concentration and pH on dissolution of TG-SiO2.  (a) Optical 
images of TG-SiO2 collected at several times of immersion in 10mM sodium phosphate 
(Na2HPO4/NaH2PO4, NaPO) solution (pH7.4) at 100
o
C. (b) Reflectance curves at different times. 










Figure 3.3.  Effects of silicic acid on dissolution of TG-SiO2. (a) Effect of silicic acid 










Figure 3.4.  Dependence of TG-SiO2 dissolution on cation type.  (a) Rate of dissolution in 
solutions of NaCl, MgCl2, CaCl2 at different pH.  (b) Dissolution rates in mol/sec·cm
2
. (c) 







Figure 3.5.  Dependence of TG-SiO2 dissolution on anion type.  (a) Na
+
 concentrations in 
solutions of NaCl and Na2HPO4/NaH2PO4 (NaPO).  (b) Dissolution rates in solutions with 
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Chapter 4. Studies of the Dissolution of Monocrystalline Silicon 
Nanomembranes and of Their Use As Encapsulation Layers and Electrical 
Interfaces in Water-Soluble Forms of Electronics 
 
4.1 Introduction to Bioresorbable Electronics 
 
 One of the most attractive features of modern electronic devices is their ability to operate 
in an almost perfectly reliable fashion, with little to no degradation over exceptionally long 
periods of operation. Transient electronics is a class of technology designed to offer the opposite 
behavior, in which the constituent materials disappear, disintegrate or otherwise change in some 
controlled physical or chemical way after a period of stable function.
1
  A sub-set of transient 
technology involves biologically and environmentally resorbable devices that dissolve in 
biofluids or ground water into benign end products.
1–5
  Although certain classes of passive 
biomedical devices such as resorbable sutures and polymer matrices for drug release adopt such 
transient characteristics, it is only through recent research that similar modes of operation are 
now possible with active electronic systems, including those that use high performance 
semiconductors, conductors and dielectrics.
6–8
 Envisioned applications include bio-resorbable 
diagnostic/therapeutic devices that avoid long-term adverse effects and secondary surgical 
procedures, and eco-resorbable consumer gadgets that minimize the costs and health risks 
associated with waste disposal and recycling. 
 Of the various biodegradable electronic materials that now exist as options in transient 
electronics, device-grade, monocrystalline silicon is notable because of its potential to support 
high performance devices that align, at least partly, with conventional, non-transient technologies.  
Recent studies of dissolution of monocrystalline silicon nanomembranes (Si NMs) in aqueous 
environments provide critical information on rates of hydrolysis in physiological and 




characteristics and mechanisms of this chemistry. Specifically, the data suggest that silicon 
undergoes hydrolysis with catalyzing effects of ions present in the surrounding water, to generate 
silicic acid (Si(OH)4) and hydrogen as final products.
1,3,6,9
  The process proceeds without reactive 
diffusion of water into the silicon or of water permeation through defect sites, as indicated by the 
linear dependence of the thicknesses of Si NMs on reaction time. Rates of 1-100 nm/day occur at 
near neutral pH in saline solutions, depending on detailed experimental conditions, consistent 
with\historical studies of silicon etching in alkaline and HF-containing etchants, where variations 
in step/defect densities, distributions of interface energy states, surface oxides and 
metallic/organic contamination can affect the observations.
10–15
 Additionally, doping with boron 





consistent with etching behavior in high-pH solutions.
9
   
 
4.2 Research Objectives 
 





), and the role of silicic acid (Si(OH)4) as a product of dissolution and a 






The slow rates of dissolution and the perfect, monocrystalline nature of the Si NMs enable their 
use as a bio-resorbable water barriers to encapsulate implantable electronic systems. Compared 
to alternatives based on spin-cast polymers and inorganic materials (oxides, nitrides, etc) formed 
by physical or chemical vapor deposition,
1,16,17
 Si NMs ensure zero water transmission but retain 
bio-resorbable forms, where sub-micron thicknesses are sufficient for device lifetimes in the 




two strategies for extending the lifetime: decelerating the dissolution rate by use of doping at 
high concentrations, and delaying the initiation of dissolution by use of thin layers of SiO2 grown 
on the silicon surface. Reactive molecular dynamics simulations provide insights into the 
reactions that occur at the Si/water and SiO2/water interfaces. Experiments show the ability to 
form flexible electrode arrays using thin patterned Si NMs on Mo, in fully bioresorbable formats 
for in vivo neural recordings. 
 
4.3 Results and Discussion 
 






 Figure 4.1 summarizes the rates of dissolution of Si NMs in phosphate buffered saline 
(PBS, 1X) with different concentrations of protein, Si(OH)4, cations. Figure 4.1a describes 




), (100), SOITEC) by 
hydrolysis in PBS solutions with different albumin concentrations at 37
o
C. The experiments 
involve 0.25mm
2
 pieces of silicon-on-insulator (SOI) wafer that have a top silicon layer (i.e. the 
Si NM) with 200 nm thickness immersed in 30 ml solution immediately after exposure to UV 
ozone and buffered oxide etchant, to form a hydrogen-terminated surface. Addition of bovine 
serum albumin into PBS provides access to a wide range of protein concentrations relevant to 




 g/L (~80 
g/L in blood, ~20 g/L in interstitial fluids, 0.1 – 1 g/L in saliva and aqueous humor, 0.01 – 0.1 
g/L in urine).
18,19
 Analysis of spectroscopic reflectance data collected from the SOI wafer 
determines the thickness of the Si NM (Figure 4.8a). Figure 4.1b compares rates of dissolution of 




as error in slope in linear fitting of thickness average at times) nm/day to 35 0.4 nm/day. The 
deceleration likely follows from adsorption of protein on the silicon surface (0.5 to 1.5 nm, 
slightly varying with a kind of protein), and its resulting effects on limiting diffusive access of 
water to the surface.
20–22
 
Figure 4.1c compares the rates of dissolution as a function of [Si(OH)4] in PBS with three 
different albumin concentrations at 37
o
C. Here, the Si(OH)4 results from a Si standard solution 
(Si 1000 ppm, Sigma Aldrich) prepared by dissolving high purity silicon metal in 2% NaOH 
solution. After dilution to 100 ppm of Si, adjusting the pH and salt composition returns these 
values to those of the original PBS solution. In contrast to extensive data on the role of Si(OH)4 
in dissolution and condensation of silica,
23–26
 its influence on the dissolution of Si has not been 
examined previously. The data in Figure 4.1c show reductions in the rates with increasing 
[Si(OH)4] at all protein concentrations, qualitatively consistent with mechanistic reasoning based 
on the chemistry of Si hydrolysis (                    ). Also, an increased dependence 
of the rate on [Si(OH)4] follows reduced protein concentration, i.e. for (0.01g/L), 59 0.5 nm/day 
to 39 1.9 nm/day; for (35g/L), 39 0.4 nm/day to 33 1.1 nm/day. Notably, the rate is non-





where this species starts to polymerize to SiO2, due to rates of Si hydrolysis that are faster than 




 ppm Si(OH)4 
concentrations. By comparison, the rates of dissolution of SiO2 have enhanced dependence on 
[Si(OH)4], with values that approach zero at the same Si(OH)4 saturation level.
23–26
 (Experiments 
in protein-free, purified phosphate buffered saline (PBS) solutions show large variations and 
spatial non-uniformities in the dissolution rates depending on detailed conditions, likely due to 
uncontrolled levels organic contaminants in ambient conditions.
28,29




amounts of organic molecules such as proteins or phenol red as an pH indicator yields 
reproducible rates across individual samples and between experiments.) 







) on Si(OH)4, as an additional point of comparison. The rates decrease rapidly 
with increasing [Si(OH)4], and virtually cease at ~200 ppm Si(OH)4, similar to the behavior of 
SiO2. The slow rates of dissolution and the strong dependence on Si(OH)4 for this case can be 
explained by the presence of a surface layer of SiO2, as supported by previous ellipsometric 
measurements that show a stable oxide on highly doped Si (~1 nm) and barrier-less oxidation 
pathways in the presence of both boron and phosphorous impurities.
30–33
 Lightly doped Si, by 
comparison, has a porous passivation layer that is permeable to water molecules and that 
continuously grows in parallel with Si dissolution.
32
 Figure 4.1e presents fits of experiment data 
to a polynuclear dissolution model previously used to describe the dissolution of amorphous 
SiO2 in the presence of Si(OH)4.
26
 This model explains the dependence of SiO2 dissolution on 
[Si(OH)4] by reduced step propagation rates and increased activation energy for the formation of 
vacancy (or highly reactive) sites where dissolution starts to spread. According to the model, the 
rate can be expressed as 
 
where R is the volume of dissolution nuclei formed per unit area of surface and time, h is the 
height of the vacancy, S is the surface area affected by each nucleation event, A is a 
preexponential factor for nucleation rate, ω is the specific volume of the molecule, α is the local 
interfacial free energy, k is Boltzmann constant, T is the temperature.
26
 The degree of 
undersaturation is σ=ln(C/Ce), where C and Ce (185ppm) are experimental and equilibrium 
















removing a unit of material from the surface has a squared dependence on the interfacial free 
energy (α) to create new surface with highly reactive Si atoms exposed. Considering the presence 
of a surface oxide layer on silicon and dissolution of this oxide,
32
 we used parameters of ωSiO2 = 
4.54 10-23 cm3/molecule, height hSiO2 = 2.17 Å  and T=310.15K in simulations for the dissolution 
of amorphous SiO2.
26
 Fitting experimental data for highly doped Si as shown in Figure 4.1e to 
this model yields an interfacial free energy α = 40 mJ/m
2
, slightly lower than that of amorphous 
colloidal/biogenic silica and approximately a factor of two smaller than that for high density 
SiO2 such as quartz or thermally grown oxide.
26
 By comparison, using parameters of Si crystal 













), as in Figure 4.1f. Experiments to define the latter effects involve 1mM of CaCl2 and 
MgCl2 separately added to protein-containing PBS solutions from their 1M standard solutions. A 
concentration of 1mM is comparable to that found in naturally occurring biofluids. Figure 4.1e 
describes the accelerating effect of Ca
2+
 at pH values between 7.6 and 8.2. Solutions containing 
CaCl2 dissolve Si faster than the solutions with NaCl or MgCl2 at the same ionic strength. Since 
the [Cl
-
] is lower in CaCl2 and MgCl2 solutions than that in a NaCl solution at the same ionic 
strength, the observed acceleration in CaCl2 solution can be attributed to the cation. The results 
follow similar trends reported for dissolution of quartz and silica, where Ca
2+
 accelerates the 
hydrolysis of SiO2 more effectively than Na
+




 may have an 
increased ability to deprotonate surface silanol groups formed by absorption of water to Si 




studies of SiO2 dissolution.
34–37
 A discussion of the process of forming silanol and siloxane 




Rate of dissolution of Si in aqueous solutions 
 Figure 4.2 summarizes results of Si NM dissolution in various types of saline solutions. 
Environmental and biological fluids cover a range of pH values and concentrations of ions and 
organic compounds. For example, the pH of common biological and environmental solutions can 
be as low as 4.5 as in urine and sweat and as high as 8.4 as in carbonate containing solutions 
such as sea water. In terms of salinity, rivers and oceans contain 0.1g to >50g/L solid contents 













and silica). In extracellular biofluids, the concentrations are strictly regulated to within 8 – 20 
g/L, mostly composed of NaCl.  Biofluids also contain high energy nutrients such as glucose and 
proteins for cell metabolism. Figure 4.2a and b show changes in color and thickness associated 




) with thicknesses of 200 nm in 
different saline solutions. Here, artificial perspiration has lower pH and higher NaCl 
concentration than the other fluids (pH 4.5). Bovine serum contains salt compositions similar to 




) and various proteins (56 
g/L in total).  (See Table 3.1.)  Hank’s balanced salt solutions (HBSS) at two different pH values 





additional points of comparison. Figure 4.2b indicates that the lowest rates occur in perspiration 








consistent with previous observations of enhanced dissolution by Ca
2+
. Figure 4.2c summarizes 
the rates in various types of environmental and simulated body fluids at room temperature and 37 
o
C. Water purified by reverse osmosis, free from ions and larger molecules, show the lowest 
rates (0.01 nm/day at 25
o
C, 0.2 nm/day at 37
o





 and organic/inorganic contaminants, leads to higher rates (0.7 0.1 nm/day at 20 oC, 
2.6 0.4 nm/day at 37 oC). Serum shows even higher rates of dissolution (3.5 0.5 nm/day at 20 
o
C, 21 0.4 nm/day at 37 oC) than these water samples due to its high salinity, but slower rates 
than those of HBSS due to its protein content.  
  
Si nanomembranes as water-soluble water barriers 
 The observation that hydrolysis of Si NMs proceeds by surface reactions only, in a 
predictable manner without diffusion through defects or pin-holes, creates the possibility for 
their use as temporary water barriers in bioresorbable electronic systems. Here, the defect-free, 
monocrystalline nature of the Si NMs leads to zero water transmission even for sub-micron 
thicknesses.  Knowledge of the rates for dissolution allows design selection to match lifetime 
requirements for targeted applications. Soak tests using setups that incorporate thin films of 
magnesium (Figure 4.3a) underneath Si NMs facilitates evaluation of barrier properties owing to 
the visible corrosion of the Mg that follows contact with water.
38
 Results obtained with spin-cast 
layers of poly(lactic-co-glycolic acid) (PLGA, 5 μm) and electron beam deposited films of SiO2 
(200 nm), instead of Si NMs, indicate almost immediate failure (<10 min) due to soaking in PBS 
(Figure 4.9) as a result of water permeation through the materials themselves and through 
pinhole defects, respectively. Figure 4.3b shows the rates of dissolution of Si, where a 1.5μm 




Figure 4.3c present an image of an intact Mg pad captured after two months of soaking in PBS. 
Accelerated tests performed at 70 
o
C (Figure 4.3d) yield dissolution rates of 67 0.2 nm/day and 
corrosion of the Mg pad abruptly at 23±4 days.  
 
 
Strategies for controlling the lifetime of a Si barrier layer 
 Figure 4.4 presents two strategies to modulate the lifetime of this Si NM encapsulation 







). The dissolution of p
+
-Si follows the same dependence on salinity, 
Ca
2+
 concentration, and pH as that of p-Si, but with overall slower rates. Significant deceleration 
(~40 ) in bovine serum compared to p-Si suggests that the p+-Si can enable encapsulation 
lifetimes of several years even at with sub-micron thicknesses (~180 nm/year). The second 
strategy involves chemically functionalizing the Si surface to reduce its reactivity. Options in Si-
C and Si-O chemistries provide a wide range of barrier lifetimes by delaying initiation of the Si 
dissolution.
39,40
 A simple approach exploits growth of surface oxides at low temperatures by 
exposure to UV Ozone (UVO) or O2 plasma. The oxide thickness saturates at ~20nm after 20 
minutes exposure to O2 plasma and at ~3 nm after 2 hours exposure to UVO (Figure 4.10). 
Results of studies summarized in Figure 4.4b demonstrate a delayed initiation of Si dissolution 
by ~10 days and ~30 days, with 3nm UVO-grown oxide and 20nm plasma-grown oxide, 
respectively. Relatively large variations in dissolution rate after initiation may originate from 
non-uniform thicknesses of the oxides, consistent with the surface morphologies observed by 





Molecular dynamics (MD) simulation of Si (1nm) and SiO2 (1.25nm) in water 
 Figure 4.5 presents results of reactive molecular dynamics (RMD) simulations of NMs of 
Si and SiO2 (~1.2 nm thickness) designed to reveal atomic scale interactions between Si atoms 
and water molecules.  Here, the Si (100) NM consists of 6 atomic layers of Si with 100 Si 
surface atoms (atomic density 2.33 g/cm
3
, Figure 4.5a).  The SiO2 NM consists of 283 SiO2 
molecules in total (60 surface Si atoms) with amorphous structure (atomic density 2.33 g/cm
3
).  
Si atoms on the surface of each NM are initially terminated with dangling bonds without bonding 
to hydrogen or hydroxide, and with occasional Si-O
-
 termination for the SiO2 NM (16%). 
Simulation results are in Figure 4.5b-e. Figure 4.5b describes the water permeation event, as 
defined by transmission of a water molecule through the NM from one side of water bath to the 
other side. (See Figure 4.5a.)  No permeation is observed in Si NM over the simulation time of 
~12ns in ten simulation replicas owing to the hermetic, crystalline structure of the material. Si 
surface atoms, initially with dangling bonds, form chemical bonds with OH
-
 from water 
molecules as shown in Figure 4.5b. Formation of Si-O-Si bonds occurs due to the nucleophilic 
attack of O from OH
 
terminated Si to nearby surface Si atoms with dangling bonds. Roughly 30% 
of OH
- 
adsorbed on the Si surface creates Si-O-Si bonds, as shown in Figure 4.5c. The formation 
of Si(OH)2 on the surface of the Si is also possible, which accounts for 42% of the OH
-
 
adsorption. Dissociation of three Si atoms from the Si NM occurs from these Si(OH)2 as a form 
of Si(OH)2
2+
, which eventually converts to Si(OH)4 by interactions with surrounding water. 
Notably, no dissolution is observed from the Si atoms in Si-O-Si bonds, as expected based on the 
higher stability of SiO2 against hydrolysis compared to Si. Concurrent oxidation and dissolution 
is consistent with a previous experimental report results on lightly doped Si.
32
 Figure 4.5d 




the slab, water begins to permeate through the SiO2 NMs after a couple of nanoseconds. Waters 
channels (Figure 4.5e) spontaneously form at 6 and 23 ns, as indicated by a sharp increase in 
water permeation in Figure 4.5d. The presence of initial voids in the SiO2 structure, as distinct 
from the crystalline order in the Si NMs, leads to the channel formation. The average time for a 
single water molecule to permeate through the SiO2 is 7.23 ns. Adsorption of H on the SiO2 
occurs due to rapid bond formation between H
+
 and oxygen terminated Si atoms.  
 
Thin, flexible neural electrode arrays with fully bioresorbable construction 
 In addition to use as a bioresorbable barrier layer, Si NMs can simultaneously serve as 
the foundation for thin, flexible biosensing electrodes, as illustrated in Figure 4.6 with a 




, 1.5μm).  Mo 
metal without the Si NM on top undergoes comparatively fast dissolution, with a tendency to 
crack, fragment and flake in biofluids (Figure 4.12). Figure 4.6a presents an exploded schematic 
diagram of the device structure. Here, a layer of SiO2 defines openings to the Si for four 
measurement sites for electrocorticography (ECoG) on rat cortex. A flexible sheet of the 
bioresorbable polymer (PLGA) serves as the substrate. The fabrication processes appear in Fig. 
6b. The first step involves isolation of the Si layer on an SOI wafer, followed by deposition of 
Mo electrodes. After drop casting PLGA on the electrodes, back etching of the bulk Si and 
buried SiO2 yields a flexible and bioresorbable neural sensing array. A final layer of 50 nm of 
SiO2 defines the sensing areas (250 250 μm). Optical micrographs in Fig. 6c highlight the 
structure of the electrodes. The area of Si NM encapsulation is slightly larger than that of the Mo 
electrodes to ensure protection against water penetration from the side edges. Electrochemical 




characteristics between neural electrodes and brain tissues. The magnitude of the impendance 
and its phase angle for the four electrodes are in Fig. 6d. At frequencies most relevant for neural 
sensing (near 1 kHz), the magnitude varies between 380 and 620 k. The phase angle suggests 
capacitive (~90
o
) behavior at low frequencies (1-10 Hz), with less capacitive behavior (~45
o
) at 
fequencies near 1 kHz. An equivalent Randles circuit with the addition of a resistor in parallel 
with a capcitor captures the impedance spectra of Si/Mo electrodes (Fig. S4b). The additional 
capacitor might suggest a Schottky barrier at the Mo/Si interface.
41
 The interface charge transfer 
resistance Rct and double layer capacitance Cdl are found, from fitting, to be 2.2 G and 0.45 nF, 
respectively. 
 
In vivo neural recordings in rats using a passive, bioresorbable electrode array 
 In vivo neural recordings with these types of bioresorbable neural sensors in adult rat 
animal models demonstrate good performance. The electrode array (4 sites) and a control 
electrode rest on the right barrel cortex of an anesthetized rat, as illustrated in Fig. 7a.  
Representative 5s segments of ECoG recordings of sleep spindle activity are in Fig. 7b. The up-
down dynamics at ~1 Hz with high frequency oscillations occurring during the up states is 
typical of the sleep-like state induced by ketamine-dexmedetomidine anesthesia. Consistently, 
the power spectra of these recordings (Fig. 7c) show two clear physiological peaks, one at 0.5-2 
Hz (up-down state) and the other at 30-90 Hz (gamma-frequency oscillations in the up states), 
without discernible difference or signal attenuation in any frequency band between the 
bioresorbable and control electrodes. The comodulogram in Fig. 7d shows strong coupling 
between the phase of the up-down state and the amplitude of the gamma oscillations.
41
 The 




potentials (EPs). Figure 4.7e shows the cortical response to a focal electrical stimulation of the 
contralateral whisker pad recorded with the bioresorbable and the control electrodes. The 
response consists in a stimulus artifact near 0 ms followed by biphasic EPs at ~7ms latency, 
consistent with previous reports.
42
 Collectively, all recordings with the bioresorbable electrodes 
are comparable to those of the control electrode. 
 
4.4 Materials and Methods 
  
Dissolution of Si nanomembranes The time dependent changes in the thickness of Si 
nanomembrane (200 nm initial thickness) on SOI wafers (P-type (Boron), 8.5 − 11.5 Ω·cm, 
(100), SOITEC) defined the dissolution rates.  UVO cleaning (10min) and surface oxide etching 
in buffered oxide etchant prepared the silicon surface for the dissolution tests.  Soaking tests used 
various types of simulated biofluids including PBS (Corning cellgro), Hank’s balanced salt 
solution (HBSS) (Thermo Fisher Scientific), bovine serum (RMBIO), artificial perspiration 
(Pickering Laboratories) at room temperature (~20
o
C) or at 37
o
C. All solutions were stored in 
PETE bottles as purchased, and experiments were conducted in either polypropylene (PP) or 
high density polyethylene (HDPE) bottles (United States Plastic Corp.). The thickness of the Si 
membrane was determined either by reflectometer (MProbe, Semicon Soft) or profilometry 
(Veeco/Sloan Dektak 3 ST, Plainview) after the soaking tests. Dissolution tests with highly 
doped silicon and with silicon coated with surface oxide followed the same procedures except for 




) was prepared by 
solid state diffusion (1050
o
C, 15min). Surface oxides were grown through exposure to O2 plasma 
(200mT, 250W, 20min) or UV-induced ozone (10min). Dissolution of oxide thickness was 




microscopy (AFM, Asylum Research MFP-3D) defined the surface morphology of the SiO2 
grown by O2 plasma before and after dissolution.  
Si encapsulation in biofluids Photolithographic patterning of electron beam evaporated layers of 
Ti/Mg (50/200 nm) defined traces on SOI wafers with top Si layers with thicknesses of 1.5μm.  
Casting a layer of polyimide (PI-2545, HD MicroSystems; 3.5 μm) on the front side of such a 
substrate, laminating it against a glass substrate coated with dimethylsiloxane (PDMS; 10 μm) 
and then inductively coupled plasma reactive ion etching (ICP-RIE, Surface Technology System) 
with gas flow of SF6/O2 with 40/3 sccm at a pressure of 50 mTorr removed the silicon wafer. 
Removing of the buried oxide layer in HF left only the 1.5 μm silicon membrane. A PDMS 
chamber bonded to the Si served to confine the PBS solutions. The solutions were replaced every 
day to avoid changes in dissolution rate associated with buildup of reaction products.  
Molecular dynamics (MD) simulation  To compare the encapsulation properties of Si and SiO2 
at molecular scale, we used molecular dynamics (MD) simulations. Classical MD, where bonds 
between atoms are fixed is not capable of capturing reactions between elements. To model the 
chemical interaction between Si/SiO2 and water, we used reactive MD.
33
 Reactive MD 
simulation were performed with the Reaxff potential, integrated in the large-scale 
atomic/molecular massively parallel simulator (LAMMPS) package.
34
 It has already been shown 
that the reactive potential developed for the Si/SiO2 interaction with water can reproduce the 
macroscale experimental properties of these interfaces.
35
 The elements involving in our 
simulations are silicon, oxygen and hydrogen.
35
 Initially, we made two systems, the first 
consisting of Si nanomembrane (NM) with 602 silicon atoms and 3130 water molecules (the Si 
slab thickness is 1.2 nm). The second system consists of 283 SiO2 molecules and 3119 water 




directions. Energy minimization of the system was performed for 1000000 steps. To ensure the 
capture of chemical reaction events between different atomic species, the time step was selected 
to be 0.1 fs.
36
 The Nosé-Hoover thermostat
[36]
 maintained the temperature at T=300 K. The 





 groups in the simulations, we computed the root mean square 




 in each frame of simulation. At the adsorption event, the 
RMSD usually drops sharply from the average of 13.5 Å  to 0.92 Å . The second feature we 




 to the nearest Si crystal. The criteria 




 to Si). To count the 
number of dissociated Si from the crystal structures, the RMSD of each Si is monitored in each 
simulation step. The RMSD of silicon atom in the crystal structure is 1.1 Å . When a Si atom is 
dissociated, its RMSD sharply increases to >10 Å . 
Fabrication of ECoG arrays The process began with thinning the handle substrate of an SOI 
wafer (1.5 μm top Si layer)  by mechanical grinding to a thickness of 150μm. The top Si 
membrane on the SOI wafer was then patterned by photolithography (AZ 5214) and reactive ion 
etching (RIE) with SF6 gas, to define the encapsulation layer. A thin film of Mo (300 nm) was 
deposited on the membrane by magnetron sputtering (AJA Orion 8 evaporation system, N. 
Scituate, MA) and patterned by photolithography (AZ nLOF 2070). Next, PLGA (~30 μm, 
lactide/glycolide ratio of 75:25) was drop cast on the top surface, and then the wafer and buried 
oxide were removed by etching with XeF2 (XACTIX system) and buffered oxide (BOE, 6:1), 
respectively. Finally, a layer of SiO2 was deposited by electron beam evaporation and patterned 




terminal regions of the neural electrodes served as connection interfaces to external data 
acquisition (DAQ) systems. 
EIS Measurements Electrochemical impedance spectrum (EIS) of the ECoG neural electrodes 
were measured in PBS solutions to study the interface impedance characteristics (1-1 MHz, 
10mV amplitude, 0V bias from open circuit voltage, Gamry Reference 600 potentiostat, EIS 300 
frequency analyzer). Long term accelerated soaking tests were also performed at 70
o
C in PBS 
solutions, to study the effectiveness of Si encapsulation. Neural electrodes with Si encapsulation 
were fabricated through similar fabrication steps, except that glass substrates with PDMS 
adhesive instead of PLGA films were bonded to SOI surface, to avoid possible deformation 
induced by PLGA polymer at elevated temperature. As for Mo-only neural electrodes, Mo was 
deposited directly on glass substrates. Parylene (1 μm) instead of e-beam SiO2 was deposited as a 
final layer to define the electrode sensing area, in order to minimize water permeation to the 
other area of the electrodes. ACF cable was bonded to the terminal regions of the neural 
electrodes to connect to the potentiostat. Optical micrographs and EIS were taken at different 
soaking times, to compare the lifetime of neural electrodes with and without Si encapsulation.  
In vivo neural recording The following procedures were approved by the Institutional Animal 
Care and Use Committee of the University of Pennsylvania. One 225-g, Sprague-Dawley rat was 
anesthetized with a ketamine (60 mg kg
-1
), dexdomitor (0.25 mg kg
-1
) solution and placed in a 
stereotaxic frame. A craniotomy was performed to expose the right barrel cortex. A skull screw 
was placed in the left parietal bone to serve as the reference electrode for the recordings. The 
recording array was placed over the exposed cortical surface. A control electrode (200 µm 
diameter, tungsten) was placed on the cortical surface caudal to the array. Simultaneous neural 






The study shows dissolution rate dependence of Si on protein, Si(OH)4 and Ca
2+
. The 
results indicate the decelerating effect of Si(OH)4 and proteins, and ion specific accelerating 
effect of Ca
2+
. The uniform dissolution characteristics over large areas enabled a thin film 
hermetic water barrier constructed from Si membrane. The material is found to effectively 
encapsulate the underlying bioresorbable electronics from the surrounding water until it 
eventually disappear by complete dissolution. The results include strategies for prolonged 
lifetimes of Si water barriers by doping the Si membrane or surface oxidation. With the 
mechanical compatibility of the thin membrane formats and tunability of its lifetimes by diverse 
Si surface chemistries and doping concentrations, the Si encapsulation concept introduced here 























) as a function of time during dissolution. (b) Dependence of the 
dissolution of p-Si on the presence of protein. (c) Dependence of the dissolution of p-Si on the 







) on the presence of Si(OH)4. (e) Polynuclear dissolution model for p
+
-Si 









Figure 4.2. Rate of dissolution of Si in aqueous solutions. (a) Change in thickness of p-Si 
nanomembranes in simulated biofluids. (b) Optical images of the surface of the Si. (c) Rates of 







Figure 4.3. Si nanomembranes as water-soluble water barriers. (a) Experimental set-up in 
which a thin Mg pad provides the capability to directly image the penetration of water through an 
overlying Si barrier layer. (b) Change in thickness change with the operational condition. (c) 
Optical images of the Mg at various times at 37
o



















). (b) Change in thickness of a p-Si nanomembrane in PBS. 







Figure 4.5. Reactive molecular dynamics (RMD) simulation of Si (1nm) and SiO2 (1.25nm) 
NMs in water. (a) Initial structure of the Si NM. (b) Reaction products for the Si NM. (c) Si-O-
Si formation on the Si surface. (d) Reaction products for the SiO2 NM. (e) Water permeation 








Figure 4.6. Thin, flexible neural electrode arrays with fully bioresorbable construction. (a) 
Schematic exploded-view illustration of a passive array for electrocorticography. (b) Fabrication 
process. (c) Optical images of the device. (d) Electrochemical impedance spectrum of four 






Figure 4.7. In vivo neural recordings in rats using a passive, bioresorbable electrode array. 
(a) Photograph of the electrode array on the right barrel cortex of an anesthetized rat. The 
colored boxes highlight the electrode contacts. A control electrode (green circle; electrode not 
present in photo) was placed on the cortical surface next to the array substrate; (b) 
Representative segment of sleep spindle activity recorded from the four electrodes and the 
control electrode; (c) Power spectra of the recordings; (d) Comodulogram quantifying strong 
phase-amplitude coupling between the up-down state and gamma amplitude; (e) Recorded 
cortical evoked response to electrical stimulation of a focal portion of the contralateral whisker 
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Chapter 5. Room Temperature Electrochemical Sintering of Zn 
Microparticles and Its Use in Printable Conducting Inks for Bioresorbable 
Electronics 
 
5.1 Introduction to Bioresorbable, Printable Conducting Inks 
Transient electronics represents an emerging class of technology designed to address 
applications where physical disintegration or chemical dissolution follow a period of stable 
operation.  A particular sub-set of this field involves biologically environmentally resorbable 
devices that dissolve in biofluids or ground water to yield benign end products after serving their 
targeted function.
1–7
  Materials and processing techniques are now available for advanced 
electronics of this type,
3,4,8–12





 and power scavengers,
2
 and offer promise for widespread application in biomedical and 
consumer products.  In such systems, thin film forms of semiconductors such as silicon, 
conductors such as Mg, and insulators such as silicon nitride serve as high performance 
constituent layers formed and processed using deposition and microfabrication techniques 
adapted from the electronics industry.
3,8,11
  Certain components, such as low loss antennas for 
wireless devices, demand thick conductive traces, ideally formed by methods such as screen or 
gravure printing.  This need establishes the context for the work presented here.   
Sintering, an atomic scale diffusion process that can lead to dense, solid materials from 
powder precursors without bulk melting, represents a commonly used means for joining metal 
particles to yield conductive traces from printable inks.
13-15
  Typically, sintering follows from 
energy introduced into the system by thermal, optical or electrical means.
16-18
  In certain cases, 
solid phase sintering can occur spontaneously upon physical contact of two clean surfaces, as 
with noble metals at low temperatures, sometimes known as cold-welding.
19-21
  The process can 






Both types of processes rely on enhanced atomic mobility at free 
surfaces, but with limited utility in classes of metals that are important for resorbable electronics.  
Specifically, metals that are attractive for such purposes, such as Mg, Zn, Fe, Mo and W include, 
under ambient conditions, insulating native oxide layers that frustrate sintering due to their high 
melting temperatures (e.g.  ZnO: 1975 
o
C) and their low diffusivity for transport of the 
corresponding base metals. 
11,22-24
 An alternative strategy of using a pulsed laser to selectively 
evaporate and condensate the inner metal cores of the Zn nanoparticles has recently suggested as 
a possible route for construction of thin Zn conducting wires.
47
 Electroless deposition, as another 
alternative for low temperature fabrication of metal films, has not been reported with 
bioresorbable metals, possibly due to their strong reducing power, despite its successful 
demonstration with Cu or Ni.
41-45
  As a result, although recent work describes some interesting 
chemistries suitable for use of certain of these metals in inert environments or at elevated 
temperatures, they have limited applications for the construction of bio/ecoresorbable electronic 




5.2 Research Objectives 
The work presented here overcomes this challenge through the use of an electrochemical 
sintering scheme for aqueous inks that incorporate Zn microparticles.  The process relies on 
exchange of Zn and Zn
2+
, as distinguished from conventional sintering based on atomic diffusion 
of the corresponding metal.  The chemistry begins with dissolution of the naturally occurring 
oxide layer by a buffered acidic solution, followed by self-exchange of Zn and Zn
2+
 at the 
Zn/H2O interface regardless the materials dimension.  The entire process occurs within several 
minutes at room temperature, resulting a conductivity >10
5 




exceeds that of previously reported bio/ecoresorbable metal inks.
4,16
  Systematic studies of 
formulations that use other types of acids (HCl, HNO3) and metals (Fe, Mo) illustrate the 
chemical specificity of the underlying reactions.  Construction of a printed magnetic loop 
antenna for a simple near-field communication (NFC) device serves to demonstrate an optimized 
Zn ink processed on a flexible sheet of a bioresorbable polymer (Poly Lactic-co-Glycolic acid 
(PLGA)).  The results could have relevance to envisioned uses of bio/ecoresorbable forms of 
electronics in applications ranging from ‘green’ consumer devices to temporary biomedical 
implants.   
 
5.3 Results and Discussion 
 
Electrochemical sintering of Zn microparticles in CH3COOH/H2O 
Figure 5.1a illustrates the mechanism for electrochemical sintering of Zn in aqueous 
solution.  Here, Zn is attractive compared to other biodegradable metals such as Fe, Mo, and 
W,
11
 due to its low activation energy for atomic self-diffusion.
25,26
    Key physical and chemical 
parameters appear in Table 5.1.  In ambient conditions, Zn particles include an electrically 
insulating surface layer, typically tens of nm in thickness, formed by spontaneous oxidation.
24,27
  
Specifically, upon exposure to humid air, oxidation leads to the formation of ZnO and Zn(OH)2 
at the surface which slowly convert to zinc hydroxycarbonates Zn4CO3(OH)·6H2O and 
Zn5(CO3)2·(OH)6).
24,26
  The composition, crystallinity and thickness of this layer depend on the 
exposure time and the characteristics of the surrounding environment.  An aqueous solution of 
acetic acid (H2O : CH3COOH = 10 : 1 by volume, pH 2.3) can dissolve this native passivation 
layer, largely independent of its details, thereby exposing the bare metal surface.  Under acidic 






 at the Zn/H2O interfaces between the particles.  The result ‘welds’ the particles together 
into a percolating, conductive network.  As the solvent evaporates, the acetate anion (CH3COO
-
 
(ac), pKa=4.8) produced from the corrosion reaction of Zn and CH3COOH buffers the solution 
until the ink is fully dry, at which point the welded compact solid becomes covered with a new 
passivation layer (Zn(ac)2).   
The details of the electrochemistry appear in Figure 5.1b-d.  Immersion of Zn into an 
aqueous solution initiates electrochemical reactions at the Zn/H2O interface.  Destabilization of 
the surface oxide layer in acids can be described by the potential-pH equilibrium diagram 
(Pourbaix diagram) of the Zn/H2O system, as in Figure 5.1b.
28







), Zn(OH)2/Zn (black), H
+
/H2 (orange) for reactions that 
are involved at the Zn surface: 
 
           ,                           
                (1) 
          
                                      (2) 
         ,                        (3) 
 
Figure 5.1c and d outline the electrochemical behavior of Zn in CH3COOH/H2O in real 
systems. OCVs of Zn powders (<10μm) fixed on Cu tape measured in deionized (DI) water (30 
ml) and in the same solution after adding CH3COOH reveal the major electrochemical reactions.  
(Zn foil electrodes (5mm×5mm×250μm), without the Cu tape, exhibit similar OCV behaviors, 
indicating that the electrochemical reactions associated with the Zn surface are similar for 
powders and bulk samples.)  Figure 5.1c shows that the rest potential of the Zn electrode in DI 
water lies near the reduction potentials of H
+




reduction potential of H
+
 due partially to oxidation of Zn in near-neutral water.  As a result, Zn 
metal deposition is unlikely to occur, as predicted from the Pourbaix diagram.   
Addition of CH3COOH (1 ml), however, reduces the OCV dramatically, to levels where 
Zn deposition can occur.  Specifically, the OCV measured near the reduction potential of 
Zn
2+
/Zn reflects that CH3COOH shifts the equilibrium toward the Zn
2+
/Zn redox reaction.  Self-
exchange, concurrent with dissolution of the metal and deposition of the metal from aqueous 
Zn
2+
, results in the relocation of Zn metal atoms. Another possible self-exchange mechanism is 
through mediation associated with the Zn(OH)2/Zn half reaction, which can be significant at high 
local pH on the Zn surface.   
 
                                    (4) 
                                        
    (5) 
 
Although OCVs provide information on the electrochemical reactions, dynamic 
information such as the rate of self-exchange between Zn
2+
 and Zn, must obtained through 
measurements of currents induced by polarizing the Zn away from the OCV.  Figure 5.1d shows 
polarization curves of Zn in Zn(ac)2 solutions, in which the voltage of the Zn electrode varies 
from +250 mV to -250 mV from its OCV, without agitation.  Shifts of the polarization curves to 
larger currents with increasing Zn
2+
 support the occurrence of self-exchange reactions on the Zn 
surface.  Similar polarization curves obtained with K(ac), a salt with the same anion as Zn(ac)2 
but with a cation that cannot be reduced at these voltage levels, at the same pH (green, Figure 
5.1d) confirm that the cathodic current at OCV originates from reduction of Zn
2+




expected, scans of voltage negative relative to OCV show reduced cathodic current compared to 
Zn(ac)2 due to the reduced concentration of Zn
2+
 on the Zn surface.  
The deposition of Zn from Zn
2+
 can sinter adjacent particles of Zn.  Figure 5.1e illustrates 
the morphological changes of Zn particles that occur after immersion in H2O/CH3COOH (10:1 
by volume, pH 2.3) for less than a minute followed by drying with a stream of nitrogen at room 
temperature and ambient conditions.  The initial state corresponds to a collection of particles 
dispersed in DI water and drop cast onto a piece of carbon tape. The images in the second 
column show the formation of necks at points of near contact between the particles, 
corresponding to regions of high local concentration of Zn.  The images in the right column 
highlight transformation into a solid compact covered with a thick passivation layer when the 
interparticle distances are sufficiently short.  This sintering process yields macroscopic pores 
(~50 m) due to shrinkage of the interparticle distance (Figure 5.5).   Comparison to results from 
inks with other acids and metals provide additional insights, as explained subsequently.  
  
Comparative study with other acids and metals 
Figure 5.2a shows the change in electrical conductivity measured in patterns printed 
through a stencil mask using an ink formulation of Zn particles mixed with polyvinylpyrrolidone 
(PVP) as a binder in isopropyl alcohol (IPA) (Zn : PVP : IPA = 30 : 1 : 10 by weight) to 
facilitate printing.  PVP is attractive due to its solubility in IPA and water, its non-toxicity, and 
widespread use in stabilizing particle suspensions owing to possible coordination of N and O 
atoms present in PVP to the metals.
13–15
  The porosity of the printed metal lines is ~30%, as 
estimated based on the densities of the Zn particles (7.133g/cm
3
) and the PVP (1.2g/cm
3
).  The 




glass slides reduces from >10 Mohm to <10 ohm due to treatment with CH3COOH/H2O (drop 
casting of <100 l, 1 : 10 by volume).  The effect of exposure time is minimal since the removal 
of the surface oxide layer and the particle welding are completed in a short time.  Other acidic 
solutions (HCl, HNO3 in H2O) with pH values between 1.5 to 4, show much smaller 
improvement in conductivity, as shown for the case of pH 2.3 in Figure 5.2a.  Such cases involve 
an initial decrease in the resistance, mainly due to removal of Zn oxides, but the resistance 
increases again after drying due to the reformation of these oxides.  Figure 5.2b shows images 
that indicate that the representative surface morphologies of the Zn particles are either 
unchanged (for treatment with HCl) or undergo severe corrosion (HNO3).  Additional 
experiments indicate that changing the solvent from H2O to IPA diminishes the ability of 
CH3COOH to improve the resistance, possibly due to a low rate of self-exchange of Zn
2+
/Zn 
and/or a low solubility of Zn(ac)2 in IPA.  Metal traces (~50μm) printed onto flexible substrates 
(Kapton (thickness 75μm); PLGA (~50μm), both with a ~5μm top layer of PLGA) maintain their 
electrical conductivity upon bending to radii of curvature as small as 5 mm (maximum bending 
strain: ~1%) without delamination or cracking. (Figure 5.10 and 5.13)  X-ray diffraction patterns 
(Figure 5.2c) of zinc before/after CH3COOH treatment suggest no significant change in 
crystallinity.   Small peaks associated with ZnO (black dots) in the sample before treatment arise 





 and deprotonated CH3COO
-
 due to the corrosion reactions between 
Zn metal and CH3COOH, which indicates that the local concentration of CH3COO
-
 on the Zn 
surface can be high with exposure to small volumes of CH3COOH/H2O during the acid treatment 
and drying.  Prolonged exposure, to high concentration of CH3COO
-
 in water (Zn(ac)·H2O : 









. (Figure 5.8)   
Figure 5.2d summarizes the electrical properties of inks based on Zn compared to those 
formed with other reactive metals, Fe and Mo.  The test structures involve line patterns printed 
with these three inks (Zn, Fe, Mo) on Au contact pads near the ends. (Figure 5.9c) The 
conductivity corresponds to the slope of the measured resistance as a function of length, using 
the cross-sectional area of the lines. The relative values of the initial conductivities are Zn < Fe < 
Mo, consistent with the relative reactivities of these metals, as compared by their standard 




/Fe),   -0.2V 
(Mo
3+
/Mo))  Reactive metals tend to form thick native oxides, thereby leading to reduced 
conductivity.  After treatment with diluted CH3COOH, the conductivity for all three cases 
increase as a result of dissolution of their native oxide layers.  Zn shows an increase of eight 




 S/m, with good stability (degradation rate of <10
4
 S/m/day 
in ambient air). (Figure 5.9g)  When stored in a desiccator with anhydrous calcium sulfate, the 
conductivity remains unchanged over a period of three weeks.  This sintering scheme is also 
applicable to nanosized particles (<200 nm), where an increase in the conductivity by five orders 
of magnitude from 1.1×10
-3
 S/m to 6.1×10
2
 S/m follows from processing under ambient 
conditions (Figure 5.7)  Fe, whose reduction potential is between Zn and Mo, shows a modest 
improvement, i.e.10
-1
 S/m to 10
1
 S/m.  The effect is more limited in Mo.  Figure 5.2e and f show 
the surfaces of Fe and Mo.  Fe is covered by corrosion products, possibly due to preference of H
+
 
reduction instead of Fe
2+
 reduction.  Table 5.1 summarizes reported hydrogen exchange currents 
(H
+
/H2), which are larger on Fe and Mo compared to Zn.
30,31,32–34,35
.  Mo does not show any 





Demonstration of NFC devices with Zn ink 
Figure 5.3 shows a demonstration that uses screen printing of the Zn ink (800 μm line 
width) to yield a radio frequency (RF) antenna for a simple NFC device.  NFC technology 
increasingly appears in wireless tags and sensors for banking, biomedicine, and transportation 
due the ability to provide a low cost electronic interface to external readers such as a 
smartphones.
36–38
  More broadly, NFC platforms are projected to have a prominent role in 
internet-of-things devices, where proliferation could occur at a scale with potential adverse 
environmental consequences.  In this context, a bioresorbable conductive ink could eliminate 
waste streams associated with certain elements, such as the antennas and associated 
interconnects.  Figure 5.3a describes the fabrication.  The first step is to prepare a biodegradable 
film of PLGA by drop casting a solution of PLGA (20 w/v% in ethyl acetate) on a glass substrate.  
The screen printing process appears in Figure 5.3a (ii) (Zn : PVP : IPA = 3 : 0.1 : 1 by weight).  
Here, PVP increases the viscosity to facilitate printing.  The white printed lines correspond to the 
Zn ink in its high resistance state, which becomes conductive after treatment with a solution of 
water and CH3COOH (water : CH3COOH : PVP = 10 : 0.5 : 2 w/v%). (Figure 5.3a, iii)  
Migration of PLGA into the pores between the metal particles during the heating steps results in 
excellent adhesion. (Figure 5.12 and 5.13)  The patterns maintain their shape during the wet 
sintering process owing to the low solubility of PLGA in water.  The degradation of PLGA 
occurs on time scales that are much longer than those required for the wet sintering process (~10 
min including drying process).
39
  Interconnecting the two terminals of the antenna, mounting an 
NFC chip and an LED, and drop casting PLGA (20 w/v% in ethyl acetate, ~100μm) on top as an 




through the pores, thereby protecting the particles from a direct contact to the air and water 
without affecting the electrical connection between the particles. (Figure 5.11)  Figure 5.3b 
shows a device.  The images of Figure 5.3c-f correspond to frames from Movie S1 that 
highlights the functionality.  In Figure 5.3c, an LED connected to the antenna demonstrates 
wireless power harvesting from an external RF source.  Figure 5.3d shows digital readings of 
changes in temperature wirelessly captured using a smartphone during heating with a heat gun.  
Other functions, such automatic launching of a website and identification, are featured in Figure 
5.3e and 3f.   
Figure 5.3g illustrates the process of degradation by immersion in water .  The device 
remains functional for several hours (without agitation) with a 100 μm PLGA coating.  
Degradation of the Zn leads to visible bubbles of hydrogen, as in Figure 5.3g, after several days 
of immersion.  PLGA undergoes slow degradation in aqueous solution through the breakage of 




5.4 Materials and Methods 
 
Fabrication and printing of the Zn ink A solution of Zn (<10um, Sigma Aldrich) and PVP 
(Molecular weight 360000, Sigma Aldrich) in IPA involved mixing constituents at a ratio of Zn : 
PVP : IPA = 3 : 0.1 : 1 by weight.  Other metal inks (Mo, Fe, <10 m, Sigma Aldrich) used the 
same ratio.  Screen printing involved a stencil mask placed against a target substrate of either 
glass or PLGA (Sigma Aldrich).  Drying with a N2 gun (Figure 5.1g, Figure 5.2a) or by heating 
at 70 
o
C in an oven ensured complete solvent evaporation (for other experiments).  All 
experiments were conducted in air under ambient conditions. 
Acid treatment and conductivity measurements A mixture of CH3COOH and distilled water (1 : 




sintering process. (Figure 5.1a)  For other experiments, a formulation with PVP (water : 
CH3COOH : PVP = 10 : 0.5 : 2 w/v%) helped to maintain the physical integrity of the printed 
features during the acid treatment.   Reported conductivities corresponded to measurements 
either directly on the printed pattern (Figure 5.2a) or through Au contact pads formed by electron 
beam evaporation (Figure 5.2d).   
Measurements of polarization curves Solutions of Zn(CH3COOH)·2H2O and K(CH3COOH) 
with the desired molarity were titrated with HCl to the desired pH.  A saturated Ag/AgCl 
electrode (BASi, USA) served as a reference electrode.   Working electrodes involved bulk metal 
foils or metal powder by fixed on Cu tape.  These two types of electrodes showed the same 
response upon stirring, acid addition, and polarization. To obtain the polarization curves, bulk 
metal electrodes (Zn, Fe, or Mo, 5mm×5mm×250μm foil, Sigma Aldrich) were scanned from 
+250 mV to -250 mV from stabilized open circuit potentials in different solutions to obtain the 
presented polarization curves by using a GAMRY Reference 6000 potentiostat/galvanostat 
(GAMRY, USA).   
Fabrication of the NFC device The process began with printing the coil pattern (50-
with an ink formulation of Zn : PVP : IPA = 3 : 0.1 : 1 by weight.  A solution of PVP, water, and 
CH3COOH (water : CH3COOH : PVP = 10 : 0.5 : 2 w/v%) coated on top of the printed patterns 
initiated the sintering process for the Zn particles.  After acid activation, drop casting of PLGA 
dissolved in ethyl acetate formed an overcoat except for the ends of the features.  Mounting the 
NFC chip (SL13A, AMS AG) and LED onto the coil with some additional Zn ink, followed by 
casting of CH3COOH : H2O = 10 : 1 (by volume) yielded an electrically connected system.  










This paper describes a process of acid induced, rapid (few minutes) sintering of Zn metal 
particles under ambient conditions, without heating or mechanical loading.  Unlike conventional 
sintering schemes that rely on atomic diffusion, the mechanism reported here involves 
dissolution of native oxides followed by electrochemical self-exchange of Zn and Zn
2+
.  
Systematic formulation studies with various types of acids and metals reveal important factors in 
this process.  Wireless devices with interconnects and antennas of conductive traces formed by 
printing of optimized Zn inks show excellent performance.  As a bioresorbable printable 
conductor, the chemistries reported here offer broad potential applications in environmentally 





5.6 Figures and Table 
 
 
Figure 5.1.  Electrochemical sintering of Zn microparticles in CH3COOH/H2O.  (a) 
Proposed mechanism for electrochemical Zn sintering.  (b) Pourbaix diagram of Zn in aqueous 
solution.  (c) Change in OCV after addition of CH3COOH. (d) Polarization curves with various 










Figure 5.2.  Comparative study with other acids and metals.  (a) Change in resistance after 
treatment with CH3COOH, HCl, and HNO3. (pH 2.3) (b) Morphology of Zn after treatment with 
HCl and HNO3. (c) X-ray diffraction patterns of printed deposits of Zn. (d) Conductivities of Zn, 
Fe and Mo inks before and after treatment with CH3COOH/H2O. (e,f) Morphology of Fe (e) and 







Figure 5.3.  Demonstration of NFC devices with Zn ink.  (a) Schematic illustration of the 
fabrication process.  (b) Images of an NFC device.  (c-f) Series of images that demonstrate 
wireless communication with a smartphone, as captured from Movie S1. (c) LED operated by 
wireless power transfer through the RF antenna. (d) Wireless readout of temperature with a 
smartphone, (e) identification and (f) automatic webpage launch achieved through wireless 
communication.  (g) Water compatibility of the device and degradation behavior with PLGA 















Figure 5.6. (Left) Raman spectroscopy and (Right) X-ray mapping of Zn ink with PVP  













Figure 5.8. (a) XRD patterns of Zn after mixing with Zn(ac)2 in water. Solutions are composed 
of Zn(ac)2H2O : water : Zn : PVP = 10 : 30 : 4 : 1.5 (w/v%, blue) or Zn(ac)2H2O : water : Zn : 
PVP = 10 : 30 : 40 : 1.5 (w/v%, red). (b) Surface morphology of Zn ink with high Zn(ac)2 to Zn 








Figure 5.9. Printed Zn ink and its resistance. (a) Screen printing of Zn ink. (b) Cross-sectional 
image of Zn ink with PVP top coating. (c) Image of a line pattern on Au contact pad. (d) 3D 
stylus mapping of the surface. (e) Distribution of the thickness. (f) Resistance change of Zn ink 
over time with Au contact pads. (g) Stability of conductance of the metal inks stored under 







Figure 5.10. Bending test of printed Zn ink. The Zn pattern (~50μm) is printed on Kapton film 
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